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Abstract
Sodium metal as anode material applied to SMBs has gained considerable attention in recent years,
owing to its high theoretical capacity (1166 mAh g-1), low cost and earth abundance when compared
with Li metal. However, there is still a long way to go before realizing the practical application of
SMBs. Sodium metal anode (SMA) suffers from challenging issues, such as unstable SEI, Na dendrites
growth, and infinite volume change during cycling, etc, leading to rapid capacity decay, shortened
lifespan and even safety concerns. So far, a variety of strategies have been put forward to addressing
the above problems and developing high-performance SMBs, including in interfacial engineering,
improving electrolyte recipes advanced Na electrode engineering, which are reviewed in this
dissertation. My doctoral work mainly focuses on enhancing the stability and safety of Na electrode to
improve the performance of SMBs, including in in situ build an ASEI on Na metal electrode, exploring
functional additive and non-flammable electrolyte. In addition, the performance of full cells applying
Na electrode as anode paired with conventional cathodes (PB, NVP) has also been studied.
In the first case, we reported that a sodium benzenedithiolate (PhS2Na2)-rich protection layer
synthesized in situ on sodium by a facile methodology effectively prevents dendrite growth in the
carbonate electrolyte, leading to a stabilized sodium metal electrodeposition for 400 cycles (800 h) of
repeated plating/stripping at a current density of 1 mA cm-2. The organic salt, PhS2Na2, is found to be
a critical component in the protection layer, and is different from traditional inorganic salts.
Furthermore, the mechanism of the role of functional group of Ph-S-Na was studied by DFT
calculations. This ﬁnding opens up a new and promising avenue, based on organic sodium slats, to
stabilize sodium metals with a protection layer.
In the second case, a commercially available organosulfur compound (TMTD) was used as a
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functional additive to improve the Na electrode. It was found that the unique organosulfur additive can
in-situ form a stable interfacial protection layer rich in organic sulfide salts on the sodium metal surface
during cycling, leading to a stable stripping/plating cycling. Such organic sodium sulfide-rich SEI layer
can not only facilitate Na+ transport to reduce interfacial resistance but also suppress the Na dendrite
formation during cycling. Consequently, full cells using the TMTD added electrolyte can remain an
80% capacity retention after 600 cycles at a high rate of 4 C.
In the third case, we designed a novel non-flammable electrolyte based on TMP solvent, which
contains FEC and DTD as the co-solvent and additive. The synergy of different components in the
electrolyte can in-situ generate a stable solid-electrolyte-interface (SEI) layer, which effectively
suppresses the side reactions and prevents dendrite growth. This is attributed to the synergy of the
multi-component of SEI layer including S-containing compounds (Na2S, Na2SO3 and organic Scontaining salts), NaF and phosphate (Na3PO4). The DTD additive significantly promotes the stability
and integrity of the formed SEI layer, which not only enables the dendrite-free Na plating/stripping
with an average CE as high as 93.4% for 250 cycles, but also makes the Na||Na symmetric cell stable
over more than 1350 h at 1 mAh cm-2 and 720 h even at 5 mAh cm-2. Such electrolyte improves the
performance and maintains the safety of the SMBs at the same time, showing promising potential in
practical application.
In summary, though some inspiring results have been obtained, the poor reversibility of Na electrode
especially in carbonate-based electrolytes due to high reactivity of Na metal, the unstable SEI, and the
Na dendrites issues still need more investigations. And more attention should be paid to tackle the
challenges occurring in Na electrodes before assembling high-performance SMBs. I hope this doctoral
work can provide some insights and viable guidelines to develop practical SMBs in the future.
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Chapter 1 Introduction
1.1 Research background
Applying alkali metal as the anode of a battery is not a fresh news. LMBs that used Li metal as anode
and TiS2 as cathode was first pioneered by Stanley Whittingham in the 1970s.[1] And Li metal paired
with MoS2 cathode was once commercialized by Moli Energy, which ends with failure for product
recalls because the explosion hazards caused by lithium dendrites.[2] Along with the concept of
rocking-chair batteries proposed by Murphy et al.,[3] and then by Scrosati et al.[4] and the development
of lithium cobalt oxide found by Goodenough[5] and graphite by Armand and Touzain,[6] The first
reliable LIB using carbonaceous anode and LiCoO2 was launched by Sony in 1991. In the past years,
rechargeable LIBs play an important role in our daily life with the development of portable electronic
devices (laptops, cellular phones) and electric-powered vehicles. Commercial Li-ion batteries based
on conventional cathodes such as layered-, spinel-, and olivine-type electrode materials are
approaching the limits of their capabilities. And graphite, which holds a theoretical capacity of 372
mAh g-1 is still the only choice of anode for LIBs. However, with the increasing energy requirements
of our modern life and industrial society, the limited capacity of graphite becomes the bottleneck for
achieving high energy density of 400 ~500 Wh kg-1 in the next decades. As a result, Li metal as anode
has been revived in the recent years.[7] LMB using Li as anode is often considered as “holy grail” of
energy storage systems, especially Li anode can pair with S and O2 cathode, which show ultrahigh
energy density (2600 Wh kg-1 for Li-S battery and 3500 Wh kg-1 for Li-O2 battery).[8, 9] This potential
value has boosted a mass of investigations of this research field. Despite the advantages of Li metal
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with the highest theoretical specific capacity (3860 mAh g-1) and lowest standard electrochemical
redox potential (-3.04 V vs SHE), the sustainability concern about Li resource starts to emerge. As
shown in Figure 1.1a, most of the lithium resource is restricted in South America, which will cause
geostrategic and geo-economic issues.[10] And according to report by Bloomberg, the demand of Li
will soar to 2025 and result a tight market. This harsh trend will drive increases in the cost for Li
battery production. And it will be harmful to the other markets such as Electric Vehicles (EVs). Except
for Li, Na and K also show potential in alkali metal batteries, Table 1.1 exhibits the physical parameters
and electrochemical properties of Li-, Na- and K- metal anodes.
Table 1.1 Physical parameters and electrochemical properties of Li-, Na- and K- metal anodes

Theoretical
Alkali

Abundance

Atomic

Ionic

Density

Redox

gravimetric

Metal

(wt%)

Mass

Radius (A)

(g cm-3)

Potential (V)

specific capacity
(mAh g-1)

Li

0.0017

6.941

0.76

0.53

-3.04

3860

Na

2.36

22.99

1.02

0.97

-2.71

1166

K

2.09

39.10

1.38

0.86

-2.93

685

Among the three alkali metals, Na not only has low redox potential (-2.71 V vs. SHE) and relatively
high specific capacity (1166 mAh g-1), but also possesses a major advantage over Li as it is much more
abundant in Earth and widely distributed. Another motivation for developing room-temperature Na
batteries is to avoid cost increases. Aluminum which is cheaper than copper can be used in the Na
batteries, as it does not react with Na. This further decreases the cost of battery production. In addition,
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the operating principles between LIBs and SIBs are similar. As result, the tech-economic advantages
of Na batteries have gained intensive scientific attention over the past decades.[11]

Figure 1.1 a) Global distribution of identified Li resources at the end of 2019. Reproduced with permission.[10]
Copyright 2021, Spring Nature. b) Lithium demand to 2025 (Copyright belongs to Bloomberg).

When coming to SIBs, the researches of cathodes seem to go far than the anodes,[12] as the
knowledge from LIBs greatly shortened research period. So far, a series of cathodes such as Na
Layered Oxides, 3D Polyamoions Oxides, and Prussian Blue type have been investigated and huge
achievements are obtained.[13] However, for the anode side, commercial graphite is unsuitable as Na
ion cannot insert into the layers because of larger radius. Dahn’s group has suggested hard carbon as
an alternative candidate to store Na with a reversible capacity of 250 mAh g-1.[14, 15] But the gravimetric
capacity is still too low for practical application. In order to increase the energy density of a full Na
battery, the capacity of the anode should be large and the average voltage should be as low as possible.
So, the Na metal as anode is quite timely with high theoretical specific capacity and extremely low
standard electrochemical redox potential when compared with other kinds of anodes as shown in
Figure 1.2a.[16] Two types of high-temperature Na batteries using Na metal as anode have already been
commercialized. One is high-temperature Na-S battery, which consists of β″- alumina as solid
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electrolyte and molten sulfur as cathode, Na as anode.[17] The battery has to operate above 285 °C. The
typical manufacturer is NGK company from Japan. The other type of high-temperature Na battery is
Na-NiCl2 battery, also called ZEBRA battery.[18] One of the best advantages of these batteries is that
they get rid of the issues of Na dendrites because Na stays at molten state. However, high-temperature
also brings safety problems and high equipment cost. Developing room-temperature Na batteries
started to arouse researchers’ attention. Under room-temperature condition, Na metal can pair with S8,
O2, CO2 and conventional cathodes (Figure 1.2b),[16] which makes Na a promising anode for the nextgeneration high-energy batteries.

Figure 1.2 a) Theoretical speciﬁc gravimetric capacities and corresponding de-sodiation potentials of various
reported anode materials for RT SIBs. Reproduced with permission.[16] Copyright 2019, Elsevier. b) Battery systems
based on Na-ion chemistries using Na metal as anodes. Cathodes can be either conventional cathodes (layered metal
oxides and polyanionic compounds), sulfur, air/O2, or metal halides cathodes. Reproduced with permission.[16]
Copyright 2019, Elsevier.

However, before applying Na metal anode into practical applications, there are some formidable
challenges:[12] (1) high reactivity of Na metal with the electrolytes, especially with carbonate-based
electrolytes, (2) unstable SEI, (3) Na dendrites formation and growth, (4) large volume change during
4

cycling, which have been summarized in Figure 1.3a. Because of its high reactivity, Na metal could
spontaneously react with most polar aprotic electrolyte solvents, salt anions, and dissolved cathode
materials, resulting inferior cycling performance of batteries. According to the Goodenough,[19] if the
chemical potential of anode (μA) is higher than the lowest unoccupied molecular orbital (LUMO) of
the electrolyte, electrons will transfer from the anode to the LUMO of the electrolyte, leading to the
reduction of the electrolyte to form a passivation layer, namely, SEI (as shown in Figure 1.3b). SEI
usually has complex components, which is highly related to the composition of electrolyte. Mosaic
model has been used to describe the structure of SEI,[20] which is simplified as a dual-layer structure,
the inner layer of the SEI contains inorganic species while the outer layer is dominated by organic
species such as ROCOOLi. SEI is significant in a battery system. First, as protection layer, SEI
separates the electrolyte and the metal anode, which prevent the further decomposition of the
electrolyte. Second, SEI has the function to transfer alkali metal ionic flux from the electrolyte to the
metal anode. For an inhomogeneity SEI layer, there will be uneven ionic distribution flux, and cations
are prone to plate on the flaws or protuberances. Then, dendrites start to form and grow (Figure
1.3c).[21]
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Figure 1.3 a) Summary of the relevant challenges for SMB anodes. Reproduced with permission.[12] Copyright 2019,
American Chemical Society. b) Schematic illustrating energy states of the electrodes and of the electrolyte, leading
to the formation of the SEI, Reproduced with permission.[19] Copyright 2010, American Chemical Society. c) sodium
dendrites during the plating process with galvanostatic current density and subsequent dissolution in liquid electrolyte.
Reproduced with permission. [21] Copyright 2018, Elsevier.

Na dendrites appear as the most notorious issue that hinders the application of Na metal as anode.
Till now, there are no mature models proposed specifically to Na dendrites. But we can still learn
valuable information from the experience of Li dendrites. According to the summary by Cheng et al.,[2]
several models were established to uncover the Li dendrite nucleation, listed as follows:
a) Surface nucleating and Diffusion Model. The high ion diffusion barrier and the weaker
interaction between Li atoms should account for the dendrites. This means Li ions prefer to
deposit on a protuberant site rather than nearby areas to form one dimensional dendritic whiskers.
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[22]

This may also be the case for Na dendrites.

b) Heterogeneous Nucleation Model. The initial Li plating on a current collector is regarded as a
heterogenous nucleation behavior,[23] which has crucial influence on the following plating
process. Once the Li nucleus has been formed, it will remain to grow until the final dendrite is
formed. In order to suppress the Li dendrites, several methods can be adopted such as (1)
smoothing the Li electrode surface, (2) decreasing the anode particle size below the
thermodynamically stable critical radius, (3) reducing the plating overpotential, (4) improving
the wetting nature towards Li deposition.
c) Space-Charge Model.[24] In a dilute solution, the concentration of anions near the electrode
surface drops very fast during Li ion deposition. The depletion of anions will give rise to a large
space charge and electric field near the electrode/electrolyte interfaces, resulting in a ramified
growth of Li. The possible solutions to relieve this problem are increasing the cation
conductivity/transference number or immobilizing anions.
d) SEI-induced nucleating model. The main concern is that in situ formed SEI in unstable and
easily cracks because of the volumetric expansion and stress caused by Li plating/stripping. The
cracked sites can be hot spots for dendrite growth. And the intrinsic nature of the SEI also affects
the depositing behavior. This model is relatively easy to accept for Na metal.
According to the SEI-induced nucleating model, the dendritic Na mechanism can be described as
follows (illustrated as Figure 1.4).[25, 26] First, a thin and fragile SEI layer will be formed on the Na
surface by spontaneous reaction between Na and most organic electrolyte. During the plating process,
SEI will crack and brings hot spots for Na depositing. Na ion flux is preferentially deposited at the
protuberances with much higher electric field than other sites on the rough Na surface. Then, Na will
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nucleate and grow along the protrusion, finally generating Na dendrite defined as a tree-like or
branched structure. Meanwhile, new SEI layer will be formed when the fresh Na underneath is exposed
to the electrolyte as the SEI is fractured due to dendrite formation. Subsequently, in the stripping
process, “dead Na” forms because of the breaking off of Na dendrites, which is due to that the roots of
Na dendrites have the tendency to accept electrons and dissolve firstly. Consequently, with continuous
Na stripping/plating, the Na metal and the electrolyte are endlessly consumed, resulting in a low
Coulombic efficiency and a rapid capacity decay. Furthermore, as the Na metal does not act as a “host”
for the Na ions, the accumulated dead Na and growing Na dendrites will cause a relatively large volume
change, which can give rise to enormous internal stress fluctuations and inferior interface stability in
the batteries. In addition, Na dendrites will pierce the separator and lead to an internal short circuit and
a thermal runaway with potential safety hazards.

Figure 1.4 Schematic illustration of the Na dendrites formation and dead Na. Reproduced with permission.[25]
Copyright 2021, John Wiley and Sons.

As for the growth of dendrites, Sand’s behavior is proposed to describe the initiation time.[27] During
metal deposition, the cation ion will be consumed rapidly near the electrode and its concentration is
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expected to zero at a time 𝜏𝑠 (Sand’s time), after which the large negative electric field formed will
drive the dendrite growth.[28]
𝜏𝑠 = 𝜋𝐷 (

𝐶0 𝑒𝑧𝑐 2 𝜇𝑎 + 𝜇𝑐 2
) ( 𝜇 )
2𝐽
𝑐

(1.1)

Where D is the ambipolar diffusion coefficient, 𝑒 is the electronic charge, 𝑧𝑐 is the cationic charge
number, 𝐽 is the current density, 𝐶0 is the initial cation concentration, and 𝜇𝑎 , 𝜇𝑐 are anionic and
cationic mobilities, respectively. Based on this equation, in a given solution, the Sand’s time 𝜏𝑠 is
proportional to 𝐽−2 . Herein, a critical current density J* comes out.[29]
𝐽∗ =

2𝑒𝐶0 𝐷
𝑡𝑎 𝑙

(1.2)

Where 𝑙 is the length between two electrodes, and 𝑡𝑎 refers to the anionic transference number.
Usually, Sand’s time theory can be used to predict the dendrite formation at a relatively high current
density 𝐽 > 𝐽∗ , which provides a quantitative understanding to depict dendrite formation and the time
needed for dendrite growth.

1.2 Objects of the research
As discussed above, room-temperature Na-based batteries have been attracted extensive attention in
the past few years, however, most of them have been paid attention to exploration of cathode materials
as well as their Na+ storage mechanisms. Unfortunately, Na metal as the anode candidate so far has
attracted much less efforts than it deserved. Due the high reactive of Na metal, Na metal usually suffers
from the poor CE, limited reversibility and short lifespan due to the dendrite growth and side reactions.
The inferior performance of Na electrode greatly hinders the development of SMBs. Therefore, the
purpose of this research is developing strategies to improve the stability of Na metal electrode in liquid
electrolytes via suppressing Na dendrites and side reactions. In this doctoral thesis, the surface
9

chemistry of Na metal electrode in ester-based electrolytes has been studied, indicating that a stable
SEI formed plays an important role in suppressing Na dendrites and reducing side reactions. Several
solutions have been proposed to address the issues on Na metal electrode. To improve the lifespan and
stability of Na electrode, we constructed a novel artificial SEI layer and introduced functional
electrolyte additive. The generated ASEI or SEI can effectively protect the Na electrode from side
reaction with electrolyte and suppress the dendrites growth. Furthermore, we have developed a new
electrolyte recipe that are non-flammable to build up the CE and safety. The reversibility of Na in this
non-flammable electrolytes is among the highest in previous reports. The proposed strategies are
expected to obtain better performance of SMBs with conventional cathodes by advanced Na anode.

1.3 Thesis structure
The structure of this thesis work is briefly outlined as follows:
Chapter 1 introduces the background for Na metal batteries and the challenges occur on Na metal
electrode, especially the Na dendrites formation and growth.
Chapter 2 presents a literature review on strategies for stable SMA, including in interfacial
engineering, improving electrolyte recipes, advanced Na electrode engineering and other strategies.
Chapter 3 illustrates the general experimental procedures including materials preparation,
characterization methods, and the electrochemical measurements.
Chapter 4 proposed an in situ formed artificial protection layer on the Na metal surface to obtain
a dendrite-free anode.
Chapter 5 introduced a functional additive into carbonate-based electrolyte that can decompose
to form a stable SEI on the Na metal to protect the SMA.
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Chapter 6 developed a non-flammable electrolyte recipe that can form a stable interface layer on
Na metal to obtain a high CE and improve the safety of batteries.
Chapter 7 summarizes the works in this thesis and provides some future prospects for
development of high-performance and dendrite-free SMBs.
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Chapter 2 Literature review
2.1 Basic principles for stable SMA
Based on the discussion about challenges of SMA in Chapter 1, abundant efforts have been made by
researchers to solve the problems that occurs in Na metal anodes, such as the fragile and
inhomogeneous SEI, the formation and growth of Na dendrites, and the infinite volume change during
the Na plating and stripping. In brief, strategies include in interfacial engineering between the metal
electrode and electrolyte, modified electrolytes and electrolyte additives, advanced structure design of
the Na metal electrode and some other strategies, which have been summarized by several excellent
review articles.[1-7]
From my own perspectives, the strategies for stable SMA can be divided into two interfacial issues.
For the interfacial engineering and electrolyte design, they work with the upper interface that is
between Na metal and electrolyte. And the principal method is to construct a stable ASEI or SEI to
suppress Na dendrites and side reactions. While for design of the advanced Na host, it is mainly related
with the lower interface when Na deposits. The main idea is to reduce local current density and increase
nucleation sites, leading to uniform Na deposition. Figure 2.1 gives a brief illustration about this.

Figure 2.1 The issues related with the upper interface and lower interface of Na metal anode.
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2.2 Interfacial Engineering on SMA: ASEI
The SEI is considered as a key component for achieving high-performance of batteries since it was
firstly proposed by Peled in the 1970s.[8] However, in SMBs, the SEI formed spontaneously between
Na and organic electrolyte is unstable and fragile, which suffers from fracturing and restoring
repetitively during plating/stripping process. This will inevitably consume Na metal and electrolytes
continuously, leading to low CE and shortened lifespan of battery. Thus, rather than waiting for the
fragile SEI formed during cycling, it makes sense to build a man-made protective layer on the Na
surface to protect it and suppresses the dendrites to form. This layer is so-called artificial SEI (ASEI),
which usually required high ionic conductivity, low electronic conductivity and proper mechanic
strength to maintain its integrity during cycling. The strategies to construct ASEI can be divided into
three types: physical method, chemical treatment and electrochemical method.
Physical method is directly way to construct a protective layer on Na surface, such as ALD, MLD,
doctor-blade coating and so on. Atomic layer deposition (ALD) is a favorable technique to demonstrate
a controllable thickness of artificial film with good coverage and uniform deposition on the metal
surface.[9] Due to the low melting temperature of Na, a low temperature plasma – ALD process of
ultrathin Al2O3 layer for Na anode was carried out by Luo et al.(Figure 2.2a)[10] and also, Zhao et al.[11]
combined this method with Rutherford backscattering spectrometry (RBS) measurement to get a
comprehensive study on Na plating and stripping. ALD shows its advantages as it can precisely control
the thickness in nanoscale and formed NaAlOx by Al2O3 and Na has high ionic conductivity. The
ultrathin Al2O3 layer can effectively suppressed the dendrites and mossy Na formation and result in an
improved lifetime. In addition, an inorganic-organic coating (alucone) film on Na anode as a protective
layer was demonstrated by a MLD method was proposed by Zhao et al.,[12] which shows better
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performance than ALD Al2O3 coating. Another inorganic-organic composite protective layer
consisting of robust Al2O3 inorganic particles and liquid electrolyte-swollen poly(vinylidene ﬂuorideco-hexaﬂuoropropylene) (PVdF-HFP) polymers as proposed by Kim et al.,[13] the fabricating process
was illustrated as Figure 2.2b. The pre-prepared F-CPL was roll-pressed on to Na metal, and could
suppress Na dendritic growth and mitigate the electrolyte decomposition. Graphene can also be
transferred to Na metal after etching the Cu substrate. The graphene layer as ASEI can keep smooth
Na surface and non-dendrite growth upon repeatedly cycling. It was also found that graphene thickness
has decisive influence on Na anodes. With a multilayer graphene film (~ 5 nm), stable cycling behavior
could be achieved over 100 cycle at 2 mA cm-2, 3 mAh cm-2 (Figure 2.2c).[14] Another straightforward
and cost-effective method was proposed by Li and co-workers[15] by introducing commercial carbon
paper as the protective layer. Protected Na and K anodes exhibits significantly improved overpotentials
and cycling stability (~1200 cycles for Na). These performances can be maintained within different
electrolytes (carbonate or ether) and even under large current density (5 mA cm-2).
Thanks to the high reactivity of Na with many chemical substances, chemical treatment is an
effective way to construct a protective layer on the Na surface. Archer’s group[16] investigated a series
of solid electrode interface to find that NaBr presents a low energy barrier to ion transport, which is
comparable to Mg. Thus, the authors prepared NaBr coating by directly chemical reaction between Na
and 1-bromopropane (Figure 2.2d), which not only restricts dendritic formation, but also prevents
side-reactions. As result, the coated Na||Na symmetric cells kept stable for 250h, with a 10 times
improvement in cell lifetime compared with pristine Na. Similarly, Sun’s group[17] demonstrated an insitu solution-based to synthesize an ASEI of Na3PS4 on Na surface by reacting Na with sulfur-rich
phosphorous sulfide molecules (P4S16). This protective layer of Na3PS4, which usually acts as solid15

state electrolyte in batteries, can reduce side reaction between electrolytes and Na metal and improve
Na+ flux, resulting a more homogenous Na plating/stripping process. Zhao et al.[18] built
organic/inorganic hybrid interphases by organic silicon chemistry that facilitates fast and stable
electrodeposition of Li and Na metals. In addition, Zhang et al.[19] proposed an efficient approach to
simultaneously generate an artificial film and a 3D host for Na metal based on conversion reaction
(CR). After reaction (4Na+MoS2=2Na2S+Mo), the production Na2S plays the role as ASEI to prevent
Na dendrites growth, while the residual MoS2 nanosheets can work as 3D host for adapting to the large
volume change of Na. A very low overpotential (25 mV) and long cycle stability (1000 cycles) can be
obtained. Most of the ASEI fabrication process is either complicated or uses expensive reagents for
scalable manufacturing. Recently, Yu’s group[20] adopted a simple method by grinding red P on Na (K)
metal to form Na3P or KxPy layer (Figure 2.2e). Notably, Na3P provides a low energy barrier and a
high ionic conductivity for fast Na+ diffusion. Besides, this layer also holds a high Young’s modulus
of 8.6 GPa that can prevent the dendrite growth.
Electrochemical method usually relies on the activation process such as giving an applied current or
cycling several cycles. Wei et al.[21] reported an ionic liquid membrane by electrochemical
polymerization, initiation occurs during charging and created a thin, porous film to protect the Na
electrode. Zheng et al.[22] constructed a Na-Sn alloy and NaCl-rich composited protective layer by
adding a small amount of SnCl2 after activating three cycles (Figure 2.2f). They claimed that such
layers can offer rapid interfacial ion transport and suppress parasitic reaction. The Na||Na symmetric
presented stable cycling over 500h, far exceeding the control samples. Similar multi-structural SEI
layer was also proposed by Xu et al.,[23] who prepared Na3Sb alloy and NaF-rich layer. Considering
the important role of NaF in SEI, there are efforts[24, 25] by introducing NaF particles into PVDF to
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create an artificial protective layer, which enables stable SMA. Even though this method is facile and
implantable, the results deserve further discussion, as the function of NaF in the hybrid film has not
been expounded clearly. One of the researches utilized FEC as electrolyte, which can also decompose
to generate NaF. So, it is not easy to distinguish the NaF from FEC or from the prepared film. The
other research adopted NaPF6 in diglyme as the electrolyte, however, it lacks the mechanism
investigations behind the electrochemical performance.

Figure 2.2 Shematic of a) Al2O3 coating by ALD. Reproduced with permission.[10] Copyright 2016, John Wiley and
Sons. b) fabrication of FCPL-Na electrode. Reproduced with permission.[13] Copyright 2017, American Chemical
Society. c) transferring free-standing graphene film onto Na meral surface and electrochemical performance of Na||Na
symmetric cell. Reproduced with permission.[14] Copyright 2017, American Chemical Society. d) NaBr coating on
Na. Reproduced with permission.[16] Copyright 2017, Spring Nature. e) Na3P protecting layer formed on Na metal
and regulating Na+ flux. Reproduced with permission.[23] Copyright 2020, John Wiley and Sons. f) formation of NaSn alloy with NaCl-rich layer for uniform and dendrite-free morphology. Reproduced with permission.[22] Copyright
2019, American Chemical Society.

Researchers have made massive efforts to seek for suitable coating materials for metal anodes. Tian
et al.[26] explored by using first-principles computations to investigate 2D layered material as protective
films for Li and Na metal. Materials with defect and larger bond lengths or hollow atomic ring size are
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suggested for Na metal anode, as well as the proximity effect, which all can improve the conductivity
of Na (Li) ion. Snydacker et al.[27] screened the Open Quantunm Material Database to identify stable
coating material for Li, Na, Mg Metal anodes, which provides useful guidance for future study in the
protection of metal anodes and prevent the dendrites thereby improving the performance of Na metal
batteries.

2.3 Improving Electrolyte recipes
2.3.1 Optimization of conventional liquid electrolyte
Electrolyte plays an important role in a battery system which greatly affects the stability and safety of
the battery. And the components of the in-situ formed SEI is highly associated with the electrolyte
solvents, salts, and additives. So, designing improved electrolytes and additives is a promising
approach to acquire high performance battery.[28] Because of the low reduction potential of Na metal,
electrolyte that directly contact with metal anode is very unstable and easily decompose into a
passivation layer on the anode surface. Carbonate-based electrolyte with high reduction potential can
be easily reduced by the Na metal, leading to undesired side-reactions and consumption of the
electrolyte and Na metal anode, which results in poor cycling performance, low CE and rapid capacity
decay. The typical components of SEI formed in conventional carbonate electrolyte are identified as
HCOONa, Na2CO3, ROCO2Na, etc. The alkyl group R is related with the carbonate solvent. Iermakova
et al.[29] found that the Na salts has higher solubility compared with their Li analogues, making the SEI
more permeable to electrolyte and SEI unstable. Compared with carbonate-based electrolyte, ether
solvents have higher LUMO and better reduction resistance. So, ether-based electrolyte should be more
compatibility against Na metal. A pioneering work was completed by Cui’s group,[30] they reported
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that NaPF6 in glymes (mono-, di-, and tetraglyme) can enable highly reversible and nondendritic
plating-stripping with a high CE of 99.9% (Figure 2.3a). The glyme solvents decomposed after the
NaPF6, resulting a double layer kind of SEI: inorganic Na2O and NaF in the interior part and organic
RCH2ONa in the exterior part of the SEI. This compact SEI is impermeable to electrolyte solvents and
conducive to non-dendritic growth.
The selection of Na salts in the electrolytes plays a key role in forming the SEI, of which the anion
determinates the SEI components. Lutz et al.[31] examined NaPF6, NaOTf, NaClO4 and NaTFSI in
DME for Na-O2 batteries. As illustrated in Figure 2.3b, though the organic components formed in
different electrolytes were similar, the inorganic components were quite different. For using NaPF6,
NaF was detected, which is essential for protective SEI. For NaClO4 and NaOTf, NaCl and NaF were
found, but the SEI layer was thick. As for NaTFSI, almost no Na-F signal could be detected, the
inorganic component was Na2CO3. The authors declared that NaF is crucial for high stability, so the
DME with NaPF6 allows for long-term stability, NaOTf and NaClO4 leads to short-term stability and
NaTFSI is detrimental for metallic sodium. In another work by Eshetu et al.,[32] they investigated the
impact of salt anions on the SEI formed on HC and found that the organic content of the SEI on
sodiated HC decrease in the order: NaPF6 > NaClO4 > NaTFSI > NaFTFSI > NaFSI. In addition, they
also claimed that the higher solubility of the inorganic Na salts and the Na-alkoxide intermedites
compared to Li analogues may lead to lower stability of SEI. Other kinds of salts were also explored
to protect the Na metal. Gao et al.[33] applied NaDFOB-based electrolytes to form a mixed SEI with
sodium diborate, tetrafluoroborate and carbonate, which provides robust structural chemical stability
for uniform Na stripping/plating. Yamada’s group[34] reported a F-free electrolyte sodium
tetraphenylborate (NaBPh4) salt in DME, 0.1 M NaBPh4/DME electrolyte enables an average CE of
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99.85% over 300 cycles. The authors attributed the stable Na plating/stripping to a thin and lowresistivity SEI (mainly composed of C, O and Na) derived from DME, which contradict the point that
F-rich SEI is necessary foe stable SEI.
Just as have been confirmed in Li metal batteries, the concentration of salt would affect the
electrochemical cycling performance.[35, 36] It has been acknowledged that increasing the concentration
of ions can extend the Sand’s time, at which point the dendrite starts to grow.[37] Usually, the Sand’s
time theory was used to describe the dendritic growth mechanisms for Li cells, the relationship between
it with the Na dendrite growth still need further investigation. But high-concentrated electrolytes (HCE)
of NaFSI-DME (> 4M) were proved to be effective in Na metal anode.[38, 39] At a high concentration,
the free solvents (DME) are very few that minimizes the side reaction (Figure 2.3c) and it also
improves the oxidation durability. As a result, highly stable Na plating/stripping can be obtained with
an average CE > 99%. Similarly, Schafzahl et al.[40] prepared a DME/NaFSI ratio of 2 to achieve nondendritic Na metal with an average CE of 97.7% for up to 300 cycles at 0.2 mA cm -2. The authors
attributed the high reversibility to the stable SEI formed from FSI anion. It should be noted that this
high concentration strategy only works for DME solvent. When changing the solvent to EC/PC to
prepare 5M or 6M electrolytes, the cells failed quickly (Figure 2.3c). However, HCEs hold the
drawbacks of high viscosity and high cost, which hinders their practical application. As a
complementary strategy, a kind of localized high-concentration electrolyte (LHCE) was proposed by
Zhang’s group.[41] They introduced an “inert” diluent (BTFE) into HCE, which not only maintains the
solvation structures of HCE, but also reduce the viscosity and improves the conductivity (Figure 2.3d).
The results showed that 2.1 M NaFSI/DME-BTFE (1:2) enables dendrite-free Na plating with high CE
of > 99%, which is comparable to 5.2M NaFSI. One of the confusions is that the success of HCE or
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LHCE both are based on DME solvent rather than carbonated-based solvents. So, it may be the solvent
chemistry determinate the stability.[4]

Figure 2.3 Schematic of a) SEI formed on Na metal anode with NaPF6 in glymes and CEs. Reproduced with
permission.[30] Copyright 2015, American Chemical Society. b) SEI formed with various Na salts in DME.
Reproduced with permission.[31] Copyright 2017, American Chemical Society. c) high-concentration electrolyte and
CE of Na||SS cells. Reproduced with permission.[39] Copyright 2017, American Chemical Society. d) concept of
LHCE and relevant viscosity and conductivity. Reproduced with permission.[41] Copyright 2018, American Chemical
Society.
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2.3.2 Functional additives
Electrolyte additives usually act as sacrificial ingredients to decompose to form an a homogenous and
robust SEI layer on the electrode surface. Even though there are abundant of investigations about
effective additives in Li batteries, such as VC,[42] trace amount of water,[43] Li2S8,[44] etc. FEC[45-48] and
LiNO3[49-51] are two very common additives that have been widely applied. Unlike the prosperous
situation in Li metal anode, this research field in Na metal is still in its infancy stage. As the similar
electrochemical process, FEC has also been widely applied in SIBs.[52, 53] Komaba et al. claimed that
FEC as additive can improve the SEI layer on hard carbon and attain high reversibility of Na insertion.
In SMBs, it has been acknowledged that FEC can decompose to form a NaF-rich SEI,[54] which can
improve the Na deposition. Chen’s group[55] applied in situ force microscopy to study the Na deposition
in ester-based with or without FEC. It was found that EC/PC with 5%FEC can obtain a high CE up to
88% and homogenous morphology, while the CE of electrolyte without FEC additive is below 20%
after 50 cycles (Figure 2.4a). Mullins and his colleagues[56] also investigated the effects of FEC, even
though the use of FEC greatly reduced the gas release and improved the cycling performance. However,
porous depositions and dendrites were still observed when using FEC as additive or co-solvent (Figure
2.4b). They also found that the SEI formed in the presence of FEC was thicker, richer in NaF and less
in polymer organic layer, indicating suppression reduction of organic solvents. The reasons of limited
functions from FEC may be as followings: Firstly, the formed NaF is highly insulated and insoluble,
which can prevent the decomposition of electrolyte, leading to an improved CE. Secondly, the
diffusion barrier in Na is high and the ionic conductivity of NaF is low which is several orders of
magnitude smaller that LiF (~10-7-10-13 S cm-1),[57] this means it cannot provide enough ionic transfer
pathway to regular Na ion flux, leading to the dendrite growth. Thirdly, the FEC will be consumed
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quickly, after which the cell lost control as usual. Though FEC is not a panacea for protecting Na metal
anode,[58] we believe that the studies in FEC-based electrolytes as well as synergy with other functional
additives are still promising in the future.
In LMBs, a concept of self-healing electrostatic shield (SHES) mechanism was proposed by Zhang’s
group,[59] they found that Cs+ has lower deposition voltage than Li+ at a low additive content. During
the Li deposition process, Cs+ would be accumulated around the Li dendrites to form a positive static
electric field, which will expel the Li+ ions to be deposited in the valley and thus form flat morphology.
This idea was also applied to SMBs, Shi and Zhong et al.[60] introduced KTFSI as bifunctional
electrolyte to stabilize Na metal. The K+ cations provide electrostatic shielding to prevent Na dendrite
formation, and the TFSI- anions help to form desirable SEI containing Na3N and sodium oxynitrides
(NaNxOy) as shown in Figure 2.4c. As a result, the Na||Cu cell can achieve a high CE of 99.5% over
300 cycles and symmetric cells can be deeply cycled at a capacity of 10 mAh cm-2 for hundreds of
hours. Recently, Zhang’s group[61] proposed three principles to screen possible additives and found Li+
a good cation additive for SMBs, the role of electrolyte solvation was also deemed important. The
strategies can also be promoted to other batteries. It is worthy to note that this Li+ electrostatic shield
strategy has been proposed before by Liang and Chou[62] to design a Li-Na hybrid batteries. The Na
deposition shows cubic morphology and high CE of 99.2%. And when applying Na as anode and
LiFePO4 as cathode, the hybrid batteries exhibited superior performance. However, the reported
applications of cation shielding effect were limited to ether-based electrolyte so far. Whether they can
be introduced into ester-based electrolytes need further investigations and more studies. Another
interesting work about additive was reported by Li’s group,[63] they found that unlike in LMBs, Li2S8
and LiNO3 shows a synergetic effect to generate a uniform SEI, while in SMBs, Na2S6 and NaNO3 as
23

co-additive has an adverse effect (Figure 2.4d). But Na2S6 alone is proved to be a positive additive,
which can deliver a superior cycling performance at 2 mA cm-2, 1 mAh cm-2 for 400 cycles and 10 mA
cm-2, 5 mAh cm-2 over 100 cycles. Up to now, most of the additives that are demonstrated to be
effective to prevent Na dendrites were applied in ether-based electrolyte, except for FEC, which is a
common additive or co-solvent in carbonated-based electrolytes. In the future, more attention should
be paid to explore new functional additives in carbonated-based electrolytes that have more
commercial value.

Figure 2.4 a) CE of Cu/Na cells in EC/PC and EC/PC/FEC with a cycling capacity of 1 mA h cm-2 at a current density
of 1 mA cm-2. Reproduced with permission.[55] Copyright 2018, Royal Society of Chemistry. b) Optical images of Na
metal deposition in the electrolytes of EC/DEC, PC/FEC and FEC/DEC after 4 h at 1 mA cm-2. Reproduced with
permission.[56] Copyright 2017, American Chemical Society. c) Schematics showing the stabilization effects of ionic
additives for Na metal deposition. Reproduced with permission.[60] Copyright 2018, John Wiley and Sons. d)
Schematic of the role of Na2S6 and Na2S6-NaNO3 co-additives in affecting Na metal anode and the cycling
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performance of symmetric cells at 2 mA cm-2, 1 mAh cm-2. Reproduced with permission.[63] Copyright 2018, John
Wiley and Sons.

2.3.3 Other kinds of electrolyte recipes
Besides the aim to prolong the lifespan of Na metal, the safety concern also aroused much attention.
As the Na has a high reactivity, once the Na dendrites pierce the separator to cause inter short circuit,
fire or explosion may occur as the conventional organic electrolytes are highly volatile and flammable.
One of the strategies is to introduce fire retardant additives into organic electrolytes. Zheng et al.[64]
introduced a perfluoro-2-methyl-3-pentanone (PFMP) extinguishant into FEC/PC-based electrolyte
via the bridging of HFE, which not only endows non-flammable ability and but also improves the
cycling performance of Na metal anode by establishing an eﬀective NaF-based SEI (Figure 2.4a).
Apart from the additives, some non-flammable solvents (phosphates) were also investigated for the
application of battery, such as TMP, TEP and TMMP. Among these phosphates, TMP is an appropriate
choice because of its low viscosity (0.02257 P), high dielectric constant (21.7), wild liquid temperature
range (-46-197 ℃) and chemical stability. The applications of TMP-based electrolyte have been
investigated in hard carbon[65, 66] and it is acknowledged that TMP cannot form effective SEI on Na
metal. Wu et al.[67] applied 2 M NaTFSI in TMP/FEC (7:3, v/v) to dendrite-free sodium-sulfur battery
and obtained a capacity of 788 mAh g-1 after 300 cycles at 1 C, which is attributed to the NaF rich SEI
film form on the Na metal. Recently, Luo and Huang’ group[68] also reported a fluoride-rich SEI
enabling stable Na metal, which is realized by introducing HFE and FEC. HEC can increase local
electrolyte concentration and reduce the decomposition of TMP, while FEC as co-solvent is beneficial
to form NaF rich SEI by defluorination. Some other new electrolyte systems were also adopted to
tackle the problems in Na metals. One kind of them is Ionic liquids (ILs). ILs are molten salts that can
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keep liquid state without solvents. The advantages of ILs include low volatility, wide electrochemical
window, thermal stability and safety. Which makes them a hot topic of researches in energy storage
application, despites their high cost. Hosokawa et al.[69] compared the stability of [C2C1im][FSA]
(C2C1im+: 1-ethyl-3-methylimidazolium; FSA–: bis(fluorosulfonyl)amide) and [C2C1im][TFSA]
(TFSA–: bis(trifluoromethylsulfonyl)amide) ionic liquids against Na metal and found that FSA- could
improve the stability of the ILs against Na metal, which suggested that FSA- -based ILs as favored
candidate for SMBs. It should be noted that FSA- is also considered as a “magic anion” for film
formation.[70] ILs can also cooperate with other additives to approach stable Na metal. Dai’ group[71]
reported a chloroaluminate ionic liquid electrolyte comprised of aluminium chloride/1-methyl-3ethylimidazolium chloride/sodium chloride ionic liquid spiked with two important additives,
ethylaluminum dichloride and 1-ethyl-3-methylimidazolium bis(ﬂuorosulfonyl)imide (Figure 2.5b).
This kind of electrolytes is non-flammable and highly conductive and the SEI is composed of NaCl,
Al2O3 and NaF, which allows for high reversibility of Na plating/plating. It shows as a promising
candidate for high-energy/high-voltage SMBs. The effectiveness of ILs on Na metal was affected by
several factors, such as salt concentration, moisture content, etc. Rakov et al.[72] investigated the NaFSI
salt concentration and applied potential on the effect of interfacial structure and composition and
suggested that an superconcentrated ionic-liquid electrolytes dominated by Nax(FSI)y cluster can
support to form a stable SEI. Due to the hygroscopic nature, the moisture content is also important for
stable Na metal.[73] Besides organic electrolyte and ILs, inorganic electrolytes were also explored for
dendrite-free Na metal anodes. Song et al.[74] prepared an inorganic electrolyte by blowing SO2 gas
though a mixture of NaCl and AlCl3, and then a transparent liquid of NaAlCl4·SO2 formed. Such
electrolyte enabled polygonal growth of Na deposit and a highly dense passivation film mainly
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composed of NaCl on the surface of Na metal electrode (Figure 2.5c).

Figure 2.5 a) Optical images of the N-FEP electrolyte with addition of 5 vol% of PFMP and flammability test.
Reproduced with permission.[64] Copyright 2020, Royal Society of Chemistry. b) Schematic illustration of the battery
configuration and electrolyte composition of the IL electrolyte. Reproduced with permission.[71] Copyright 2019,
Springer Nature. c) Schematic of SEI components on Na metal anode formed in NaAlCl4·SO2 and SEM images of
Na deposition morphology in NaAlCl4·SO2 electrolyte. Reproduced with permission.[74] Copyright 2015, American
Chemical Society.

The other case of inorganic electrolyte was reported by Ruiz-Martínez and his colleagues,[75] which
involved NaY·xNH3, where Y is the anion (I−, BF4− or BH4−) and x indicates the molar ratio of
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ammonia to sodium salt. The prepared high concentration (7M) electrolyte has a high ionic
conductivity (0.1 S cm-1) and can provide excellent Na plating/stripping with free dendrite.
Furthermore, this ammonite-based electrolytes are much cheaper than the conventional NaPF6, NaFSI
or NaTFSI based organic electrolytes, showing a promise in practical application.

2.4 Advanced Na electrode engineering
Electrode structure engineering is another facile and scalable method that can effectively solve the
issues that surrounds Na metal anode. Compared with using pristine Na as anode, these advanced
electrodes as Na hosts usually have 3D porous structures with high specific area that can reduce the
local current density and accommodate the large volume change during plating/stripping process, or
contain abundant sodiophilic nucleation sites that can regulate Na+ flux distribution.

Such regulation

can improve the homogeneous Na deposition from initially nucleation to final growth, resulting in
non-dendritic morphology. According to the differences of substrate and compositions, the current
advanced Na electrodes can be mainly divided into three types, including 3D metal-based current
collector, 3D carbon-based host and 3D composite frameworks.
2.4.1 3D metal-based current collectors
As the plating substrates, current collector has a great influence on the Na plating process. Cu and Al
foils are two main materials used as current collectors on the anode side. However, due to the uneven
surface, low specific surface area and the “sodiopholic” properties, conventional Cu/Al current
collectors cannot enable homogeneous Na deposition. As the Na dendrites may arise from an uneven
charge distribution which exists on the planar Cu foil. Chen’s group[76] prepared 3D Cu nanowires
which enhanced surface area, which can provide more charge centers to distribute Na ion flux, and
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resulting a stable Na deposition (Figrue 2.6a). Fan and co-workers[77] proposed a copper nanowire reinforced 3D Cu foam current collector (CuNW-Cu). The Cu nanowires have abundant nucleation
sites and high surface area that reduce the local current density, leading to a uniform Na deposition.
Besides Cu, Xu et al.[78] prepared a honeycomb-like 3D Ni@Cu scaffold as shown in Figure 2.6b, it
is found that the Na preferentially deposits in the pores of honeycomb structure and gradually progress
horizontally, and eventually a flat-surface Na anode is obtained. Such structure can also be applied to
Li metal. Compared with Cu, Al is lighter, cheaper and does no alloy with Na. And therefore, Al is a
promising candidate as current collector for Na metal anode. Liu et al.[79] proposed a porous Al as the
substrate to suppress Na dendrites. The investigation shows that the interconnected porous structure in
Al increase nucleation surface for Na and decrease the Na ion flux distribution, resulting uniform
nucleation and deposition of Na, as shown in Figure 2.6c. The prepared Na metal anodes can run for
over 1000 cycles with an average CE of 99.9%.
The discussion above mainly focused on increasing the surface area to improve the nucleation site
or reduce the local current density. Through introducing “sodiophilic” sites to improve the wettability
and reduce the nucleation barrier is another effective way to regulate Na ion deposition. In a pioneering
work by Cui’s group,[80] they systemically investigated selective deposition of Li metal on various
substrates, such as Au, Ag, Zn, Mg, Al, Pt, Si, Sn, C, Cu and Ni. If the substrates have definite solubility
to Li, it will form a solid solution surface buffer layer which can serve as buffer layer for the subsequent
Li deposition, effectively eliminating nucleation barriers. And Au, Ag, Zn and Ma were proved to
exhibited zero overpotential during Li deposition. Inspired by this work, a lot of metal substrates that
can alloy with Na have been introduced into Na metal anode. Tang et al.[81] firstly reported a
“sodiophilic” layer if Au-Na alloy onto Cu substrate to reduce the nucleation overpotential.
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It was

calculated that the alloy layer has a larger binding energy with Na compared with Cu, which is
beneficial for smooth and uniform Na deposition (Figure 2.6d). The CE of Na|| Cu@Au can be as high
as 99.8% for 300 cycles at both 1.0 and 2.0 mA cm-2. Later on, the same group explored the Na plating
on different sodiophilic substrates of M-Na (M=Au, Sn, and Sb) and found that the cutoff potential
also affects the stability of Na plating/stripping process.[82] Our group also reported a series of different
buffer layer substrates for high-performance Na anodes, such as core-shell C@Sb,[83] 2D Sn/C,[84]
yolk-shell C@Ag,[83] and Bi nanoparticles embedded in 2D carbon nanossheets (Bi⊂CNs).[85] Except
as buffer layer, Zheng et al.[86] prepared a percolated Na-Sn alloy/Na2O framework by the spontaneous
reaction between molten Na and SnO2 (Figure 2.7e). According to the DFT calculations, the binding
energies of Na on Na2O and Na15Sn4 are much higher than that on pure Na, which means Na ions are
deposited preferentially on the 3D Na-Sn alloy/Na2O framework, and the low Na+ diffusion barrier
though the framework also helps stable deposition. Benefit from such dual ion/electron-conductive
structure, stable Na plating/stripping is realized in both carbonate and ether-based electrolyte. There
are other 3D metal-based sodiophilic frameworks that have been reported, such as silver nanopaper
(AgNP),[87] Zn/SnO2 porous scaffold,[88] and 3D Cu foam skeleton with hierarchical ZnO nanorod
arrays (CF@ZnO), [89] etc. One of the attractive points of above discussed strategies is that they usually
can deliver a very high CE (> 99%), which means a high reversibility of Na utilization. However, most
of the researches are based on ether-based electrolytes, the application of ester-electrolytes in such
systems need more studies in the future.
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Figure 2.6 Schematic illustrations of a) Na plating on 3D nanowires. Reproduced with permission.[76] Copyright
2017, Royal Society of Chemistry. b) Na plating process on a honeycomb-like 3D Ni@Cu. Reproduced with
permission.[78] Copyright 2018, Elsevier. c) Na plating on porous Al foils. Reproduced with permission.[79] Copyright
2017, American Chemical Society. d) Na plating on Cu@Au substate. Reproduced with permission.[81] Copyright
2018, Elsevier. e) Na plating on 3D Na-Sn alloy/Na2O framework. Reproduced with permission.[86] Copyright 2020,
Elsevier.

2.4.2 3D carbon-based hosts
Carbon-based materials, such as carbon cloth (CC), carbon fiber (CF), Graphene, CNTs and porous
carbon, etc, are good candidates as Na hosts owing to their good mechanical stability and high electric
conductivity. Hu and Fan et al.[90] employed commercialized 3D flexible carbon felt as Na host via
melt infusion strategy (Figure 2.7a). The carbon felt host not only confines Na in the conductive host,
but also supplies Na+ deposition sites to render a uniform Na nucleation. As a result, the Na/C
electrodes demonstrates stable voltage profiles and small hysteresis in carbonate-based electrolytes.
Besides the melt infusion method, electrochemical deposition is the other method to prepare such Na/C
anode.[91] As the pristine carbon usually demonstrates poor wettability towards Na metal, various
modification strategies are adopted to increase the wettability of the carbon nanostructure. Lee and cpworkers introduced nanocrevasses in the carbon cloth (CC) by heat treatment, which facilitates the
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infusion of Li/Na into the host scaffold (Figure 2.7b).[92] The high surface area of CC with
nanocrevasses confines the Li/Na inside the nanocrevasses to suppress the dendrite formation.
Doping of hetero atoms (N, S O) is also an effective way to enhance the sodiophilicity. Based on the
assistance of density functional theory (DFT) calculations, the doped carbon-based substrates usually
have a bigger binding energy with Na atom, showing better sodiophilicity with Na, which facilitate the
uniform Na nucleation and the subsequent growth. Peng’s group[93] reported oxygen-functionalized
carbon nanotube networks (Of-CNTs) with densely and uniformly distributed sodiophilic functional
groups to guide Na metal nucleation (Figure 2.7c). Such Na@Of-CNTs frameworks displayed
extremely stable cycling performance for 3000 cycles with an average CE of 99.7% in asymmetric cell
and lower overpotential of 10 mV over 4500 h in Na||Na symmetric cells. Similar doped strategies
were also reported such as nitrogen and sulfur co-doped carbon nanotube (NSCNT) paper,[94] carbon
paper with N-doped CNTs,[95] nitrogen and oxygen co-doped graphitized carbon fibers (DGCF),[96] 3D
nitrogen-doped carbon skeleton (NCF).[97] Besides doping, by decorating the carbon frameworks with
sodiophilic groups is also a valid solution to improve the wettability. SnO2 coated carbon fiber (CF),[98]
Fe2O3 coated carbon textile (SFCT), SnSb coated N-doped carbon nanofiber (SnSb@NCNF)[99] etc,
have been reported toward dendrite-free Na metal anodes. Recently, Sun and co-workers[100] reported
a hierarchical vertical graphene (VG) supporter and Co nanoparticle/N-doped carbon decorator as an
innovative host (Co-VG/CC). The VG layer is important for the uniform growth of Co nanoparticle/
N-doped carbon. The introduced Co nanoparticle enables superior sodiophilicity and the nitrogen
dopant further improve the wettability of molten Na (Figure 2.7d). As a result, Na@Co-VG/CC
electrode demonstrates excellent performance in symmetric cells of 5.0 mA cm−2 under 5.0 mAh cm−2
for 280 h, 6.0 mAh cm−2 at 3.0 mA cm−2 for 1000 h. Moreover, porous carbon frameworks with high
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surface area, good electric conductivity and stable mechanical property can also be an ideal host for
Na metal, as it can lowers the effective local current density, provides uniform Na nucleation and
restricts the volume change during cycling. An impressive work was reported by Hu’s group,[101] who
prepared a stable Na carbonized wood (Na-wood) anode via melt infusion (Figure 2.7e), the Na
plating/stripping processed are restricted in the channels of carbonized wood to obtain flat voltage
profiles and long-term cycling over 500 h at 1.0 mA cm-2. There are also reports about carbonized
carbon frameworks from coconut[102] and basswood.[103] Reduced graphene oxide (rGO) with excellent
electrochemical and electrocatalytic properties is another choice as Na host, which has already been
reported in Li metal batteries.[104] Inspired by the Li/rGO anode, Chen’s group[105] prepared rGO-Na
anode by reducing 3D GO foam in molten Na metal and adsorbing the molten Na into its pore
structures. Similar procedure was also reported by Wang et al.[106] Chen and co-workers[107] first
prepared reduced graphene oxide aerogel (rGa) by oriented freeze-drying and then synthesized
Na@rGa by molten infusion as shown in Figure 2.7f. The rGa has abundant oxygen functional groups
and uniform porous structure, showing good Na wettability. As a result, the Na@rGa anode
demonstrates stable cycling performance over 1000 cycles in a traditional carbonate electrolyte at 5
mA cm-2. Wang’s group[108] developed a porous graphene oxide (PRGO) film with a small Young’s
modulus, which can effectively alleviated the texture deformation of electrodeposited Na, leading to
superior cyclability, high CE and compact, dendrite-free Na deposition behavior. Besides, modifying
the rGO with sodiophilic nanoparticles is also an effective way to regulate uniform Na ion distribution
and obtain dendrite-free Na deposition.[109]
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Figure 2.7 a) Schematic of Na/C anode fabrication process via metal infusion method. Reproduced with
permission.[90] Copyright 2018, John Wiley and Sons. b) Wetting test of molten alkali metal on pristine CC and heattreated CC, and the illustration of nanocrevasses. Reproduced with permission.[92] Copyright 2019, American
Chemical Society. c) Schematic of Na uniformly plated on the Of-CNTs. Reproduced with permission.[93] Copyright
2019, John Wiley and Sons. d) schematic of the synthetic procedure of Co-VG/CC host and uniform Na plating
behavior on Na@Co-Vg/CC. Reproduced with permission.[100] Copyright 2021, John Wiley and Sons. e) schematic
of wood carbonization step and subsequent infusion step. Reproduced with permission.[101] Copyright 2017,
American Chemical Society. f) schematic of Na@rGa anode fabrication process. Reproduced with permission. [107]
Copyright 2019, Elsevier.

2.4.3 3D composite frameworks
3D composite frameworks mean that the designed electrode is composed of different components,
each component delivers unique effect on the stability of Na metal anode. By taking advantages of all
these properties originated from various components, it is expected to abstain a desired and stable
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SMBs. It should be noted that this classification is not strict, as the previous introduction of some
modified 3D carbon-based hosts can also be classified into this type. Here, some new concepts will be
presented. Wu and his colleagues developed a 3D carbon foam which is sputter-coated with gold
nanoparticles on the bottom part (Au/CF) as an effective Na host.[110] The CF holds the merits of high
porosity, lightweight, and excellent electronic conductivity, while the Au provides sodiophilicity.
Unlike the “top-growth” Na deposition that will induce Na dendrites on the pristine CF electrode, the
sodiophiclically graded Au/CF host endows a “bottom-up growth” of Na, leading to uniform Na plating,
as shown if Figure 2.8a. As a result, the Na-predeposited Au/CF can cycle stably for 1000 h with a
low overpotential of 20 mV at 2 mA cm-2 in symmetric cell. Li’s group[111] prepared a 1D/2D
Na3Ti5O12-MXene hybrid nanoarchitectures by a one-step in situ transformation reaction. The 1D
Na3Ti5O12 nanowires grow and intercalate between the MXene nanosheets as shown in Figure 2.8b.
Such unique structure possesses the following advantages: the 1D Na3Ti5O12 nanowires with high Na+
reactivity can provide abundant Na nucleation sites and facilitates favorable Na+ diffusion and the 2D
MXene nanosheets can accommodate and confine the Na growth between layers. Their synergy
enables a homogenous Na+ flux distribution, uniform Na deposition and also suppresses the Na
dendrite growth. The hybrid Na anode exhibits excellent cycling performance under high current
density (10 mA cm-2) and even high capacity (20 mAh cm-2). Furthermore, Chen and co-workers[112]
reported a dendrite-free Na anode prepared by a fibrous hydroxylated Ti3C2/CNTs (h-Ti3C2/CNTs)
composite. The hydroxylated MXene has amount of oxygenic and fluoric functional groups with large
binding energy with Na (Figure 2.8c), which can provide abundant sodiophilic nucleation sites,
leading to reduced nucleation overpotential. At the same time, CNTs have superior electrical
conductivity and high tensile strength, which helps to keep fast electrons transport and mechanical
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stability of the scaffold film. As a result, such composite electrodes demonstrate a high average CE of
99.2% after 1000 cycles and stable voltage profile in symmetric cells over 4000 h at 1.0 mA cm-2 with
a capacity of 1.0 mAh cm-2.

Figure 2.8 a) Schematic of Na nucleation and growth in pristine CF and Au/CF. Reproduced with permission.[110]
Copyright 2020, John Wiley and Sons. b) Schematic of preparation of 1D/2D Na3Ti5O12-MXene hybrid
nanoarchitectures and illustration of Na nucleation, deposition and cycling in the hybrid matrix. Reproduced with
permission.[111] Copyright 2020, American Chemical Society. c) illustration of the synthesis of h-Ti3C2/CNTs
composite, the corresponding binding energies of a Na atom with different substrates and the advantages of such h36

Ti3C2/CNTs as Na host. Reproduced with permission.[112] Copyright 2020, John Wiley and Sons.

Due to the abundant surface functional groups within MXene, it can play as an ideal host for Na
metal. Another group also paid attention to applying MXene as an effective and stable scaffold for Na
metal anode, they prepared a series of MXene-based composite frameworks, such as MXene-rGO
membrane[113] and MXene modified carbon cloth host.[114] It can be expected that fruitful research
results will come out in this interesting field in the future.
In short, previous studies exhibits a number of valuable insights about how to construct 3D
confinement frameworks with porous structure and excellent mechanical stability to accommodate the
volume change during cycling, high specific surface area to provide abundant nucleation sites, good
electric conductivity to offer enough transport pathways, high sodiophilicity to lower the nucleation
barrier. All these factors together contribute to a high-performance and stable Na metal anode.

2.5 Other strategies
Attracted by the promising future of Na metal anode, the efforts to explore new strategies to tackle the
issues that occur on room temperature SMBs have never stopped. Solid-state electrolytes (SSEs) seem
to be suitable as it has high shear modulus that can suppress the Na dendrite growth, it is free of
electrolyte leakage and non-flammability that improve the safety, and its higher density will promote
the energy density of the full cells. A number of researches have been devoted to this frontier project[115]
and some good results have been reported.[116-120] However, some issues such as relatively low ionic
conductivity, poor interfacial contact and electrochemical stability of the SSEs need further
investigations. Goodenough and his colleagues introduced an interface interlayer between a Na metal
and a ceramic NASICON electrolyte, and through wetting of the Na on the interfacial interlayer results
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in a reduced interfacial resistance and suppressed dendrites (Figure 2.9a).[121] Similarly, Miao et al.
[122]

decorated a AlF3 coating layer between Na anode and NASICON SSE. During the initial cycles,

it will form a Na ion conducting buffer layer and improve the Na/SSE interfacial contact.

Figure 2.9 a) SSE on a Na metal with a good wetting ability artificial interlayer. Reproduced with permission.[121]
Copyright 2017, American Chemical Society. b) Na-BP-DME solution with different concentration, c) Na-BP-DME
drop on a Na-βꞌꞌ-Al2O3 solid electrolyte, d) Cycle performance of Na-BP-DME|BASE|Na-BP-DME symmetric cell.
Reproduced with permission. [123] Copyright 2017, Springer Nature. e) Preparation process of Janus separators.
Reproduced with permission.[131] Copyright 2020, John Wiley and Sons.
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As mentioned before that in high temperature Na-S batteries, the Na dendrites are eliminated because
of its molten state. The Na dendrites should be ether disappear at liquid state. Yu et al.[123] also reported
a class of liquid anode by dissolving Na metal into biphenyl (BP) and ethers (DME or TEGDME) as
shown in Figure 2.9b, and combined with beta-alumina solid electrolyte (BASE) with high
electronic/ionic conductivity, a dendrite-free and SEI-free battery with low cost and high safety has
been obtained, which shows superior reversibility and stability of Na metal. Some other liquid metal
systems have also been reported based on Ga-In, Na-Cs, Na-Rb and Na-K.[124-126]
Separator is a crucial part for a battery, which separates the anode and cathode, but works as a
reservoir of the electrolyte and transmission paths for Na ions and anions. Modification of the separator
is also an effective and feasible way to suppress the dendrites, which has been widely reported in Li
metal anode.[127-130] Armand and Wang et al.[131] reported a Janus separator, which contains a singleion-conducting polymer-grafted side and a functional low-dimensional material coated side. Such asdeveloped separators can inhibit not only the sodium dendrite growth but also the polysulfide diffusion,
showing promising application in Na-S batteries.

2.6 Advanced Characterization Techniques for Na electrode
Even though, ex-situ characterizations such as XRD, SEM and XPS etc, are still necessary methods to
characterize the Na electrode before, during, or after cycling. More advanced techniques especially insitu characterizations have been explored synchronously over the years, which are promoted on the
fact that the Na dendrites nucleation and growth, the SEI formation and evolution and the deposition
of Na are all dynamic process. Therefore, the intermediate states which are recorded by conventional
characterization techniques are not enough to study the changing process of Na electrodes. Here, some
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advanced characterization techniques that can realize real-time monitoring and dynamic tracking of
Na electrodes are summarized in Figure 2.10.
In operando (or in-situ) optical observation are very popular in SMA research, which can provide
vivid images about the Na dendrites growth. Archer’ group[132] investigated galvanostatic
plating/stripping reactions by in-situ optical visualization and found that the irreversibility of anode
mainly came from the disconnection of mossy metallic Na deposits during the stripping cycle (Figure
2.10 b-h). Mullins and his co-workers[56] in-situ optically imaged the sodium deposition on the effect
of FEC, and observed the porous electrodeposits and gas release. Yui et al.[133] investigated the Na
deposition/dissolution behaviors in PC-based electrolyte and unclosed that the so-called “dead Na”
originates from the dissolution of Na near the base of the needles on Na electrode. Hong and coworkers[134] compared the chemical and mechanical stability of Li and Na dendrites under quasi-zero
electrochemical field by in operando observation, and the results showed that Na dendrites and SEI
were more sensitivity and vulnerable to external applied forces within electrolyte. In short, in operando
observation can offer direct images and deep insights into the understanding of Na dendrites.
AFM is a powerful technique to probe the surface topography, such as the thickness of surface film
or the existence of any bumps/pits on materials surface.[135] Hu’s group[136] developed a AFM-based
colloidal probe microscopy to investigate the mechanical properties of the SEI layer, and indicated that
the Young’s modulus of the SEI is lateral inhomogeneity varied in the range of 50-500 MPa (Figure
2.10k). Such technique can be used to investigate the difference in the SEI formed by different
electrolyte and additives. Chen’s group[55] recorded the Na deposition in a ester-based electrolyte by
in-situ AFM analysis and found that FEC as additive can suppress the Na dendrites (Figure 2.10l).
Recently, Huang and his co-workers[137] applied an environmental transmission electron microscopy40

atomic force microscopy (ETEM-AFM) platform to study the real-time Na dendrite with concurrent
mechanical property. In this platform, an arc-discharged carbon nanotube (CNT) was attached to a
conductive AFM tip. As shown in Figure 2.10m, the CNT-AFM was used as the cathode, and a sharp
tungsten (W) tip attached to a piece of Na metal was used as the anode. Na2CO3 was formed on the
surface of Na metal and served as the solid electrolyte. By applying a negative potential, the CNT
swelled due to the Na ions intercalation and the formation of SEI, and finally the Na dendrites formed.
Combined with in-situ mechanical measurement, the compressing and tensile strength of Na dendrites
are proved to be larger than the bulk Na.
Some other in-situ techniques have also been developed along with comprehensive understanding
of Na dendrites. Li et al.[138] presented the in-situ characterization of electrochemical Na deposition on
the CNF matrix though in-situ TEM and SEM, and revealed that Na metal grew and dissolved
reversibly as nano/micro-particles at all the possible locations around individual CNFs and even
throughout their network. Cryogenic electron microscopy (Cryo-EM) has become welcome as it can
keep the original state of chemically reactive and beam-sensitive materials for a long operation time.
It has gradually been applied in Li/Na metal anode to investigate the deposition behavior and SEI
components.[16, 20, 139-143] Besides, Sun’s group[144] for the first time developed an in-situ soft X-ray
absorption spectroscopy (XAS) for Na-O2 cells to research the formation and decomposition of the
discharge products during battery cycling and revealed that a non-uniform layer of side-products was
formed on the surface of NaO2, which is attributed to the decomposition reaction between the discharge
product and the cell electrolyte. In-situ nuclear magnetic resonance (NMR) spectroscopy is a unique
and indispensable tool for the nano destructive analysis, which can offer valuable and quantitative
insight with temporal resolution to the formation and growth of microstructure. The increase in signal
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intensity during the in-situ experiment is ascribed to microstructural growth and therefore is a
quantifiable measurement for the deposited mental microstructures. Grey et al.[145] firstly examined
the Na deposits with in situ

23

Na NMR and indicated that two regimes are apparent for the

electrochemical cycling of Na metal, which is related with the current density. Recently, Yang and coworkers[146] reported a novel analytical approach, that is in-situ 23 Na magnetic resonance imaging
(MRI) combined with nuclear magnetic resonance (NMR), can provide space-resolved and
quantitative insights into the formation and evolution of dendritic and mossy Na metal microstructures.
The results showed that the overpotential could be an indicator when the electrolyte started to
decompose. In the future, the combination of multiple characterization techniques will be adopted to
acquire further understanding on the Na electrodes. And more advanced in operando (in-situ) should
be explored as well as combined utilization of ex-situ techniques to promote the potential of Na metal
anode.

Figure 2.10 a) Schematic drawing of the in operando optical observations, b-g) Snapshots of videos collected at
different time points in the galvanostatic during Na stripping process, h) corresponding voltage profile for the in
operando optical observation of stripping and plating. Reproduced with permission.[132] Copyright 2019, John Wiley
and Sons. i-j) two other schematics for in operando optical experiments. Reproduced with permissions.[56,
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134]

Copyright 2017, American Chemical Society. Copyright 2018, Elsevier. Characterizations based on AFM techniques,
k) Schematic illustration of AFM-based approach for measuring elastic properties of Na SEI on a Cu current collector
and distribute of measured Young’s modulus over the SEI surface. Reproduced with permission.[136] Copyright 2013,
Elsevier. l) in-situ AFM. Reproduced with permissions.[55] Copyright 2018, Royal Society of Chemistry. m) Images
of AFM cantilever tip approaching the counter electrode of Na metal attached to a scanning tunneling microscopy
(STM) probe and TEM images showing the growth of Na dendrites. Reproduced with permission.[137] Copyright
2020, American Chemical Society. Schematic of some other in-situ techniques n) in-situ TEM. Reproduced with
permission.[138] Copyright 2017, Elsevier. o) in-situ soft XAS. Reproduced with permission. [144] Copyright 2018,
Royal Society of Chemistry. p) in-situ NMR. Reproduced with permission. [145] Copyright 2016, American Chemical
Society.
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Chapter 3 Experimental methods
3.1 Chemicals
Table 3.1 The chemicals used in this thesis

Chemicals

Formula

Purity (%)

Supplier

Sodium

Na

≥ 99.8%

Sigma-Aldrich

Para-dichlorobenzene

C6H4Cl2

99%

Adamas (China)

Phenyl disulfide (DPDS)

C12H10S2

98%

Adamas (China)

N-methyl-2-pyrrolidone (NMP)

C5H9NO

99.5%

Adamas (China)

Sodium Ferrocyanide

Na4Fe(CN)6· 10H2O

99%

Adamas (China)
Sinopharm Chemical
Reagent Co., Ltd.
(China)
Sinopharm Chemical
Reagent Co., Ltd.
(China)
Sinopharm Chemical
Reagent Co., Ltd.
(China)

Sulfur

S8

99.5%

anhydrous tetrahydrofuran (THF)

C4H8O

99.8%

Hydrochloric acid

HCl

37%

Propylene carbonate (PC)

C4H6O3

Ethylene carbonate (EC)

C3H4O3

Sodium hexafluorophosphate

NaPF6

Polypropylene separator (Celgard
3501)

N/A

N/A

DoDoChem (China)

Glass Fiber separator (GF,
Whatman, GF/D)

N/A

N/A

DoDoChem (China)

Diglyme

C6H14O3

Battery
grade (BG)

DoDoChem (China)

tetramethylthiuram disulfide
(TMTD)

C6H12N2S4

97%

Adamas (China)

Sodium sulfide nonahydrate

Na2S·9H2O

98%

Greagent
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Battery
grade (BG)
Battery
grade (BG)
Battery
grade (BG)

DoDoChem (China)
DoDoChem (China)
DoDoChem (China)

Battery
grade (BG)
Battery
grade (BG)
Battery
grade (BG)
Battery
grade (BG)
Battery
grade (BG)

Trimethyl phosphate (TMP)

C3H9O4P

Triethyl phosphate (TEP)

C6H15O4P

dimethyl methyl phosphonate
(DMMP)

C3H6O3P

Fluoroethylene carbonate (FEC)

C3H3FO3

1,3,2-Dioxathiolane 2,2-Dioxide
(DTD)

C2H4O4S

Poly(vinylidene fluoride) (PVDF)

-(C2H2F2)n-

Battery
grade (BG)

Carbon black

C

Super P

CR2032 coin cells

N/A

N/A

Copper foil

Cu

N/A

DoDoChem (China)

Aluminum foil

Al

N/A

DoDoChem (China)

56

DoDoChem (China)
DoDoChem (China)
DoDoChem (China)
DoDoChem (China)
DoDoChem (China)

Guangdong Canrd
New Energy
Technology (China)
Guangdong Canrd
New Energy
Technology (China)
Guangdong Canrd
New Energy
Technology (China)

3.2 Research outline
The general outline and the logical framework of this doctoral work is shown in Figure3.1. Firstly,
proposed strategies were designed to improve the performance and stability of Na electrodes (including
in in situ-formed ASEI, functional additive and non-flammable electrolyte in this work). The
electrochemical performance of the protected Na electrodes was measured by different techniques,
such as galvanostatic tests (stripping/plating performance in Na||Na symmetric cells, Na||Cu (Al)
asymmetric cells, discharging/ charging performance in full cells), CV, and EIS, LSV. The morphology
features of the cycled Na electrodes, the components and structure of the formed SEI on Na surface
were characterized by SEM, XRD, XPS and NMR, etc. Furthermore, the corresponding mechanism
was investigated by DFT calculation to obtain binding energy, or energy level values of LUMO or
HOMO.

Figure 3.1 Outline of the research framework
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3.3 Electrochemical measurements
3.3.1 Cyclic voltammetry (CV)
Cyclic voltammetry (CV) is a potentiodynamic electrochemical measurement, which can be utilized
to probe the intrinsic redox potentials of electrochemical reactions and the reaction kinetics of batteries.
In a CV test, the working electrode potential is ramped linearly versus time at a given rate and will go
back to the initial potential after reaching the set potential. The hysteresis curves observed between the
cathodic peaks and anodic peaks are due to the polarization caused by low diffusion rates and the
activation barrier preventing the electron transfer among the electrodes. Typically, the CV tests can be
repeated in many cycles. In this thesis, the CV data were collected on VSP Bio Logic electrochemical
workstation.
3.3.2 Galvanostatic charge-discharge tests
Galvanostatic charge-discharge tests are controlling the current density at a certain value to investigate
the long-term cycling performance (Na stripping/plating and capacity of full cells in a certain voltage
range). The capacity can be calculated by multiplying current by time as Q = I ◊ t during a complete
charge-discharge process. Such test is also applied to investigate the rate ability of an electrode by
changing the current density. In this thesis, all the galvanostatic tests were performed on a LAND
battery tester (Wuhan, China) at room temperature.
3.3.3 Electrochemical impedance spectroscopy (EIS)
EIS is one of the most sensitive technique in electrochemical measurements, which can be applied to
investigate the kinetics of electrode process and the electrode surface features. In this thesis, EIS was
utilized to estimate the interfacial resistance, the plot of which can give the information about the
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ohmic, charge resistance, and double layer capacitance. The semicircle at high frequency in the Nyquist
plot refers to the resistance of charge transfer, which reflects the kinetic. Moreover, the EIS can be
used to measure the ionic conductivities based on the following equation:
𝜎=

𝑙
𝑅𝑠 ×𝑆

(3.1)

Where 𝜎, 𝑙, 𝑅𝑠 , and 𝑆 represent the ionic conductivity, the thickness of the separator, the bulk
resistance and the area of SS electrode, respectively. EIS data were recorded on a VSP Bio Logic and
CHI660E electrochemical workstation.

3.4 Techniques for characterization
3.4.1 Scanning electron microscopy (SEM)
SEM is an advanced technique to obtain the images of a sample by scanning the surface with a focused
beam of electrons. The electrons interact with atoms in the sample, producing various signals that
contain information about the surface topography and composition of the sample. Among diverse
signals (such as secondary electrons, X-rays, backscattered electrons etc.), secondary electrons are the
most common generated from the sample surface, and the surficial topography of the samples could
induce the prominent amplitude changes of the secondary electrons, thus the amplified signals (with
high resolution up to 1 nm) were recorded to reflect the surficial information of the specimens.
Energy-dispersive X-ray spectroscopy (EDS) is an analytical technique used for the elemental
analysis or chemical characterization of a sample, which utilizes high energy beam of electrons to
stimulate the emission of characteristic X-rays from a specimen. In this thesis, the SEM images and
EDS mapping were obtained from field-emission scanning electron microscope (Hitachi Regulus-8230
or JEOL JSM-7610F).
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3.4.2 X-ray powder diffraction (XRD)
XRD a rapid analytical technique primarily used for phase identification of a crystalline material and
can provide information on unit cell dimensions. The diffraction of X-rays by a crystal is described by
the Bragg law that relates the wavelength of the X-rays to the interatomic spacing, and is given by the
following equation:
𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃

(3.2)

Where 𝑛, 𝜆, 𝜃 and 𝑑 refer to integer, the X-ray wavelength, angle of incidence or Bragg angle,
and perpendicular distance between pairs of adjacent planes, respectively. In this thesis, the XRD data
were collected from Rigaku 3KW D/MAX 2200V PC instrument with Cu Kα radiation at λ = 1.5406
Å, at Shanghai University, China.
3.4.3 X-ray photoelectron spectroscopy (XPS)
XPS is a surface-sensitive quantitative spectroscopic technique that can identify the elements, chemical
state, and the electronic states in the material. It not only can show the elements that are presented, but
also show the other elements that are bonded to. X-ray photoelectron spectroscopy (XPS) operates
through irradiating the monochromatic X-ray beam on materials, and simultaneously records the
kinetic energy and escaping electrons from the surface of the tested materials. It can be used in line
profiling of composition across the surface. When paired with ion-beam etching, the depth profiling
can also be obtained. In this thesis, the XPS technique was used to analyze the compositions of formed
SEI, and were conducted by using a PHI-5000 versa Probe Ⅲ.
3.4.4 Nuclear magnetic resonance (NMR) spectroscopy
NMR spectroscopy is the study of molecules by recording the interaction of radiofrequency (Rf)
electromagnetic radiations with the nuclei of molecules placed in a strong magnetic field. It is a
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powerful analytical technique used to characterize organic molecules by identifying carbon-hydrogen
frameworks within molecules. The identity of a compound can be determined by comparing the
observed nuclear precession frequencies to known frequencies.1H NMR and

13

C NMR are the two

common types of NMR spectroscopy that are used to characterize organic structure. In this thesis, the
1

H NMR spectroscopy was conducted by AVANCE 500 MHz (Bruker).

3.5 Theoretical calculations
Density-functional theory (DFT) is a computational quantum modelling method to calculate the
electronic structure of atoms, molecules, and solids. In recent years, DFT has been widely applied in
energy storage field to help researchers to understand deeply about the electrochemical reaction
mechanism and to screen more potential energy storage materials. The calculations involve Gibbs free
energy, cohesive energy, formation energy, the analyses of molecule orbitals, band structures, density
of states and ion/molecules transport kinetics etc. In this thesis, the DFT calculations were applied to
calculate the binding energy between different molecules, and the HOMO-LUMO energy level. The
DFT calculations were performed by using B3LYP function determine the intermolecular interactions.
The standard basis set 6-31G(d,p) was used for geometry optimizations. All calculations were carried
out using the Gaussian-09 package.
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Chapter 4 Interfacial Engineering by In-Situ building Artificial Layer
Towards Denedrite-Free Sodium Metal Anode
4.1 Introduction
Sodium-ion batteries (SIBs) have been considered as promising candidates to replace lithium-ion
batteries (LIBs) owing to low cost and earth-abundant sodium resources.[1, 2] As for the anode side of
SIBs, sodium-metal has attracted increasing attentions because of its multiple advantages including
high specific capacity (1166 mAh g-1) and low potential (-2.71 V vs. SHE).[3] Besides, sodium-metal
anodes can couple with high potential cathodes without sodium element, broadening the choice scope
of SIB cathodes. However, challenges still need to be overcome before realizing practical commercial
applications of sodium-metal anodes.
A major challenge associated with sodium metal electrodes is the formation of sodium dendrite on
cycling, which can result in battery short circuit and even fire or explosion hazards. Furthermore,
sodium dendrite can cause the formation of inactive (“dead”) sodium which is isolated by solid state
electrolyte interface (SEI), leading to capacity loss. Considerable effort has been devoted to address
this problem.[4] However, long-term stable sodium metal electrodes are difficult to achieve, especially
in the carbonate-based electrolytes due to a higher reduction potential compared to ether-based
electrolytes.[5] It is worth noting that carbonate-based electrolytes can be coupled with high potential
cathodes because of better oxidation stability. So far, multiple approaches have been developed to
suppress the formation of sodium dendrites, such as using 3D porous current collectors,[6-8] adding new
additives,[9,

10]

and creating artificial SEI films.[11-13] Although 3D porous current collectors can

mitigate the growth of dendrites by reducing the local current density via high surface area, the
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deposited sodium metal inherits the porous structures and acquires high surface area which may
aggravate the decomposition of electrolyte. The addition of additives and the creation of artificial SEI
films aim to achieve a stable interface between electrolyte and electrode, showing greatest promise to
suppress the formation of dendrites. The practical effects are not as good as expected in the carbonatebased electrolytes,[13-16] and thus rationally designed SEI films with appropriate components are crucial
to obtain stable interface without dendrites.
Herein, we report a sodium benzenedithiolate (PhS2Na2)-rich protection layer with a uniform
distribution on the surface of sodium metal, which can deter the formation of dendrites during longterm cycling. PhS2Na2, distinguished from previously reported inorganic salts, is found to be a key
component to enable flat sodium electrodeposition on cycling. The PhS2Na2 protected sodium metal
delivers an extended cycling life of 800 h at a high current density of 1 mA cm -2 with a capacity of 1
mAh cm-2. Moreover, full cells coupling the protected sodium anodes with Prussian blue cathodes are
able to do stable cycling for up to 1000 cycles. Based on the above finding of organic sodium salt,
diphenyl disulfide (DPDS) with structure of Ph-S is used as additive in the Na||Na symmetric cells,
leading to a uniform stripping/plating of sodium for nearly 200 h at 1 mA cm-2. The density function
theory (DFT) calculations further demonstrate the important role of functional group of Ph-S-Na.

4.2 Experimental Section
4.2.1 Materials Preparation
The preparation of sodium benzenedithiolate protected sodium foils (PhS2Na2|Na) is as
followings: Firstly, 0.2 mmol p-DB and 0.2 mmol S8 were dissolved in 4 mL THF to prepare 0.05 M
uniform precursor solution. The mixed solution (50 µl) was dipped on the surface of as-prepared disk-
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like sodium slices with a diameter of 12 mm. After reaction for several minutes, the surface color of
sodium became yellow. Then, the sodium slices were transferred into a drying chamber of glovebox
and dried for 1 h at 80 oC to achieve the desired sodium benzenedithiolate protected sodium foils. The
S8 can also be replaced by a sulfur rich polymer (sulfur-limonene polysulfide, SLP), which was
synthesized according to the literature.[17] The Ph-Na/NaCl and Na2S protected layer were fabricated
by the similar method except that the p-DB and S8 precursor solutions were used individually.
Preparation of Prussian Blue Cathode: Prussian Blue (PB) was synthesized according to the
literature.[18] In a typical synthesis: firstly, 2 mmol Na4Fe(CN)6 ·10H2O and 1 mL hydrochloric acid
(37%) were dissolved in 100 mL deionized water to obtain a homogenous solution. Secondly, the
mixture was maintained at 60 °C for 4 h under vigorous stirring to obtain blue suspensions. Then, the
PB powers were collected by filtration, washed by water and ethanol for three times, and dried at
100 °C in a vacuum oven for 24 h. Galvanostatic measurements of PB cathodes were carried out in
2032-type coin cells with pristine Na metal or PhS2Na2|Na as anodes. The cathode electrodes were
prepared by casting the slurry mixture of PB, super P, and binder (PVDF) with a mass ratio of 70:20:10
on an Al foil, and then cut into disk-like sheets with a 10 mm diameter before assembly. The loading
of PB activated materials was about 1 mg cm-2. 1 M NaPF6 in EC/PC (1:1 in vol%) was selected as
the electrolyte. A glass fiber (Whatman, GF/D) was coupled with a polypropylene (Celgard 3501)
facing to PhS2Na2|Na to form a separator for the full cell. 1 M NaPF6 in EC/PC (1:1 in vol%) with 1%
DPDS was also used as electrolyte when pristine Na||PB full cells were assembled. For the full cells,
the volume of electrolyte was 80 μL. The discharging/charging testing was carried out with a cutoff
voltage from 2.1 V to 4.1 V.
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4.2.2 General Characterization
X-ray diffraction (XRD) was conducted by Rigaku 3KW D/MAX 2200V PC instrument with Cu Kα
radiation at λ = 1.5406 Å. All the samples were sealed into a glass holder covered by a Kapton tape to
avoid exposing to air. X-ray photoelectron spectroscopy (XPS) of the SEI sediment were collected by
using a PHI-5000 versa ProbeⅢ. Scanning electron microscopic (SEM) images and energy dispersive
X-ray spectroscopy (EDS) analyses of the protection layer were obtained on a field-emission scanning
electron microscopy (FE-SEM) Hitachi Regulus-8230. It should be noted that all samples were
transferred by using a transferring box filled with Ar without air contact. 1H-nuclear magnetic
resonance (1H NMR) of the SEI was obtained by AVANCE 500 MHz (Bruker). The samples for NMR
were obtained by washing the sodium surface with THF, followed by the evaporation of THF in a
drying chamber of the glovebox.
4.2.3 Electrochemical Measurement
All the cycling performance tests were carried out in coin-type cells (2032). The symmetric cells
(pristine sodium foils on each side or protected sodium foil on each side) were assembled inside an
Ar-filled glovebox (MIKROUNA, O2 and H2O < 0.01 ppm) with 40 μL 1.0 M NaPF6 in EC/PC (1:1
in vol%) as the electrolyte. To investigate the performance of DPDS additive, 1.0 M NaPF6 in EC/PC
(1:1 in vol%) was added with 1% DPDS to obtain the desired electrolyte and 60 μL desired electrolyte
were used in the symmetric cells. Polypropylene (Celgard 3501) was used as the separator.
Galvanostatic Na stripping/plating studies were carried out in a battery test system (LAND CT2001A)
at room temperature. Electrochemical impedance spectra (EIS) were performed by an electrochemical
workstation (Chenhua CHI 660E).
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4.2.4 Computational Details
DFT calculations were performed by using the B3LYP[19, 20] function to determine the intermolecular
interactions. This method had been widely used to investigate ion interaction with various organic [21]
and inorganic molecular.[22,

23]

The electron wave functions in the Gaussian function basis were

employed. The standard basis set 6-31G(d,p) was used for geometry optimizations. All calculations
were carried out using the Gaussian-09 package.[24] The binding energy was defined as: ΔEb = ENa+S ENa - ES, where ENa, Es, and ENa+S represented the energy of Na+, SEI component, and the total energy
of Na+ binding with SEI component, respectively.

4.3 Results and Discussion
A facile and scalable approach has been developed to create a PhS 2Na2-rich protection layer on the
sodium metal foil, involving two steps (Scheme 4.1 and Figure 4.1a). Typically, S8 reacts with paradichlorobenzene (p-DB) and sodium in the existence of dry tetrahydrofuran (THF) to form
poly(phenylene sulfides) (PPS), Na2Sy and NaCl.[25] PPS is further turned into PhS2Na2 in the initial
cycling of symmetric cells, as shown in Scheme 4.1.[26, 27]

Scheme 4.1 1) Reaction on the Na surface after dripping precursor solutions containing p-DB and S8. 2) Formation
of PhS2Na2 after cycling.

Metal sodium also plays as a catalyst to promote the first step reaction. The kinetics of first step
reaction is so fast that the colour of sodium metal foil changes into yellow within a few minutes after
dipping the precursor solution on its surface (Figure 4.1b and c). The treated sodium foils before
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cycling were characterized by X-ray diffraction (XRD), as shown in Figure 4.1f.

Figure 4.1 a) Schematic diagram for the fabrication of a sodium benzenedithiolate (PhS2Na2)-rich protection layer
on sodium metal foil. Optical photographs of b) bare Na electrode, c) PhS2Na2 protected Na electrode before cycling,
after d) 10 cycles and e) 80 cycles. f) XRD patterns of sodium foils before, after 1 cycle and 10 cycles. g) SEM image
of the protected sodium foil and h-k) corresponding mapping images.

Apart from the phase of sodium metal, only Na2S crystalline phase is detected for the treated foil.
The PPS phase is not observed because of its amorphous crystalline structure. After 10 cycles, it is
worth noting that the peak of Na2S also disappears, which means Na2S changes into amorphous
structure. In order to further determine the composition of protection layer on the sodium foil, the
protection layer was collected and analyzed by nuclear magnetic resonance (NMR) spectroscopy.
NMR spectrum shows multiple peaks around 7 to 8 ppm, verifying the presence of PPS (Figure 4.2a).
However, the single proton peak laid at ~7.3 ppm indicates the formation of PhS2Na2 after cycling
(Figure 4.2b and c), which is further validated by the following characterization. Scanning electron
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microscopy (SEM) image of the protected sodium foils shows that the sodium surface is uniformly
covered by a thin film, which is not void-free because of fast reaction. The thickness of protection film
is about 5 μm as measured by cross-sectional SEM (Figure 4.1g). Energy dispersive spectroscopy
(EDS) mapping of the protection layer reveals that the C, S, and Na elements are uniformly distributed
in the layer (Figure 4.1h-j). Interestingly, the Cl element is only located on the surface of layer,
indicating the byproduct of NaCl stays on the surface of layer.

Figure 4.2 1H-NMR spectra of protected layer on the sodium surface. a) PPS layer before cycling; b) PhS2Na2-rich
layer after 10 cycles; c) magnified spectra from 7 to 8 ppm. d6-DMSO was selected as the NMR solvent.

The composition of the protection layer was further analyzed by X-ray photoelectron spectroscopy
(XPS) for the samples before cycling and after 10 cycles (Figure 4.3). The C 1s spectrum of the
protection layer before cycling exhibits a strong peak at 284.7 eV and a weak peak at 285.4 eV,
assigned to phenyl and C-S respectively,[28] indicating the component of Ph-Sx in the layer. After 10
cycles, the above two peaks still exist in the spectrum, suggesting the presence of Ph-S in the layer
after cycling. Three extra peaks at 286.3 eV (C-O), 288 eV (C=O), and 289.6 eV (O-C=O) after cycling
correspond to the groups of decomposed products of electrolytes.[29] The clear difference with and
without the protection layer is observed in the spectra of S 2p. The peak at 163 eV, corresponding to
Sn2- in Ph-Sx,[30] shifts to 163.6 eV assigned to Ph-S-Na after cycling,[31, 32] indicating that the chain of
polysulfides is shorten in the initial activation. In fact, polysulfide chains are not stable due to their
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high reduction potential.[26] The peaks at 164 eV and 165.2 eV can be ascribed to the unreacted sulfur
(S8) at the surface of protection layer.[33] The residual S8 takes part in the decomposition of electrolyte
and may turn into organic sulfur, which is evidenced by the characteristic signal of C-S at 164.6 eV[34]
and the fading colors after cycling (Figure 4.1d and e). Besides, the peaks of NaCl exist before and
after 10 cycles (Figure 4.3d). For description convenience, the protected sodium foils are denoted as
PhS2Na2|Na, where other components are omitted.

Figure 4.3 XPS patterns of the protected sodium metal foils before and after 10 cycles: a) full XPS surveys; the
corresponding high-resolution XPS spectra of b) C 1s; c) S 2p; d) Cl 2p.

The initial activation process not only changes the composition of protection layer, but also modifies
the kinetics of charge transport at the electrolyte/electrode interface. Figure 4.4 compares the Nyquist
plots of symmetric pristine and protected sodium foils in the ethylene carbonate (EC)/propylene
carbonate (PC) electrolyte. All spectra show only one semicircle, which corresponds to the interfacial
transport resistance, indicating that the protection layer does not introduce an additional interfacial
resistance. It should be noted that the protected sodium foils show very high interfacial transport
resistance (>12000 Ω) before cycling, which is attributed to the insulation of formed PPS and unreacted
S8 in the layer (Figure 4.4a). The interfacial transport resistance of the protected sodium foils decreases
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to about 24 Ω after one cycle as the Ph-Sn further turns into sulfides. The further reduction to 18 Ω
after 10 cycles indicates good cycling stability of interface after one cycle activation. In addition, the
protected sodium foil has a much lower interfacial resistance than the pristine sodium foil. After
treating the sodium foils with S8 and p-DB, the solid electrolyte interface (SEI) layer formed
spontaneously at the pristine sodium foil is replaced by the PhS2Na2-rich protection layer, which
significantly facilitates ion transport through the SEI. Besides, the Nyquist plots of symmetric PhNa/NaCl|Na electrode and Na2S|Na electrode shown in Figure 4.4b and c reveal that both of them
show a lower interfacial resistance than that of pristine Na after 10 cycles, owing to the presence of
Na2S and NaCl at the surface. The byproduct of Na2S and NaCl could have a synergistic effect with
PhS2Na2 to boost the kinetics of Na+.

Figure 4.4 Comparison of impedance spectra of symmetric cells using a) pristine sodium and protected sodium foils
b) Na2S|Na and c) Ph-Na/NaCl|Na as electrodes after 1 cycle and 10 cycles. Insets in (a) and (c) are the plots obtained
before cycling and the enlarged area.

To verify the role of the protection layer for suppressing dendrite proliferation, stripping/plating
measurements were performed in symmetric Na||Na cells. The symmetric cells were continuously
cycled with a practical capacity of 1 mAh cm-2 at a high current density of 1 mA cm-2. Figure 4.5a
shows the voltage profiles as a function of time.
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Figure 4.5 Electrochemical performance of symmetric Na||Na cells: a) voltage profiles of different kind of electrodes
at 1 mAh cm-2 and 1 mA cm-2; voltage profile of PhS2Na2|Na cycling b) at 3 mAh cm-2 and 1 mA cm-2 as well as c)
at 1 mAh cm-2 and 5 mA cm-2. Top-view SEM images of pristine Na: d) before cycling and e, f) after 80 cycles. Topview SEM images of PhS2Na2|Na: g) before cycling and h) after 80 cycles as well as i) cross-sectional SEM image
of PhS2Na2|Na after 80 cycles.

Pristine Na metal foils suffer from short circuits because of dendrites after about 120 h, which is
reflected by abrupt reduction of voltage. In contrast, the PhS2Na2 protected sodium foils were
repeatedly stripped/plated for more than 800 h without any sign of short circuit, demonstrating a very
stable voltage profile. Moreover, the overpotential of the PhS2Na2 protected sodium foils is about 15
mV at 1 mA cm-2, much less than that of the pristine sodium foils. This means excellent kinetics of
PhS2Na2|Na, which is consistent with the result of impedance spectra. The stability of PhS2Na2
protected sodium electrode renders it a huge potential for new types of sodium metal batteries with a
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stable and long-term cycling life. To our knowledge, the performance is better than that of sodium
metal electrodes modified by using 3D current collectors and creating protected layers in the
carbonate-based electrolytes, summarized in the Table 4.1. The symmetric cells based on the PhS2Na2
protected sodium foils were further measured at higher capacity or higher current density. As shown
in Figure 4.5b, no short-circuit is revealed during a 360h period of continuous stripping/plating at a
practical capacity of 3 mAh cm-2 and a current density of 1 mA cm-2. The PhS2Na2 protected sodium
foils deliver an over potential of 200 mV at a high current density of 5 mA cm-2, and a stable voltage
profile of up to 280 h (Figure 4.5c), indicating excellent rate performance of the PhS2Na2 protected
sodium foils.

Table 4.1 A summary of cycling performance of Na/Na symmetric cells by different Na protective methods in
carbonate electrolytes.

Strategy

Electrolyte

Cycling
Reference
performance

Cycling condition
1 mA cm-2; 1 mAh cm-2

sodium benzenedithiolaterich protection layer

1 M NaPF6 in
EC/PC

1 mA cm ; 3 mAh cm

NaBr coating

-2

800 h
This
work

-2

360 h

5 mA cm-2; 1 mAh cm-2

280 h

1 M NaPF6 in
EC/PC

1 mA cm-2; 0.5 mAh
cm-2

250 h

[11]

Al2O3-PVdF-HFP
composite protective layer

1 M NaClO4 in
EC/PC

0.5 mA cm-2; 1 mAh
cm-2

508 h

[29]

Al2O3 coating by PEALD

1 M NaClO4 in
EC/DEC

0.25 mA cm-2; 1 mAh
cm-2

400 h

[9]

ultrathin graphene films

1 M NaPF6 in
EC/DEC

2 mA cm-2; 3 mAh cm-2

300 h

[13]

functional ionic polymer
membranes (DAIM IL
monomer additive)

1 M NaClO4 in
EC/PC

1 mA cm-2; 1/6 mAh
cm-2

40 h

[35]

Na2S SEI with a 3D MoS2
host

1 M NaClO4 in
EC/DEC

0.5 mA cm-2; 0.25 mAh
cm-2

100 h

[36]
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inorganic-organic coating
by MLD

1 M NaPF6 in
EC/PC

carbon paper protection

1 M NaClO4 in PC
with 5%FEC

Na3PS4 as a protector
layer

1 M NaPF6 in
EC/PC

carbonized wood

1 M NaClO4 in
EC/DEC

3D flexible carbon felt

engineered porous copper
matrix with core-shell
skeleton

Fe2O3 coated carbon
textile

1 M NaClO4 in
EC/PC

1 M NaClO4 in
EC/DEC

1 M NaClO4 in
EC/DMC

1 mA cm-2; 1 mAh cm-2
-2

280 h

-2

118h

1 mA cm-2; 1 mAh cm-2

400 h

1 mA cm-2; 1 mAh cm-2

270 h

3 mA cm ; 1 mAh cm

-2

-2

140 h

1 mA cm-2; 1 mAh cm-2

500 h

3 mA cm ; 1 mAh cm

1 mA cm-2; 2 mAh cm-2

[37]

[38]

[39]

[40]

480 h
[41]

-2

-2

160 h

-2

-2

96 h

3 mA cm ; 2 mAh cm

5 mA cm ; 2 mAh cm
0.5 mA cm-2 ; 1 mAh
cm-2
-2

400 h
[42]

-2

300 h

1 mA cm-2; 1 mAh cm-2

600 h

2 mA cm ; 3 mAh cm

-2

-2

200 h

5 mA cm-2; 1 mAh cm-2

120 h

3 mA cm-2; 1 mAh cm-2

180 h

5 mA cm-2; 1 mAh cm-2

140 h

0.5 mA cm-2; 1 mAh
cm-2

1350 h

1 mA cm-2; 1 mAh cm-2

380 h

3 mA cm ; 1 mAh cm

[43]

carbon paper with Ndoped carbon nanotubes

1 M NaPF6 in
EC/PC

3D hierarchical structure
with Mg clusters

1 M NaClO4 in
EC/PC with 5%
FEC

5% FEC as additive

1 M NaClO4 in
EC/PC with 5%
FEC

1 mA cm-2; 1 mAh cm-2

100 h

[45]

surface modification by
SiCl4

1 M NaClO4 in
EC/PC with 0.2 M
SiCl4

0.5 mA cm-2; 0.5 mAh
cm-2

350 h

[46]

50mM SnCl2 additive

1 M NaClO4 in
EC/PC with 50mM
SnCl2

0.5 mA cm-2; 1 mAh
cm-2

500 h

[47]

[44]
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[7]

To further confirm the suppression of dendrite growth by the PhS2Na2 protection, SEM was used to
observe the surface morphology of the pristine and protected sodium foils after 160 h cycling. As
shown in Figure 4.5e-f, large-surface-area dendrites are very pronounced on the surface of pristine
sodium foil. In contrast, the PhS2Na2|Na electrode maintains a flat and uniform surface morphology
(Figure 4.5h). No dendrites are detected on the surface after 80 cycles. A smooth sodium metal surface
is critical for long-term battery runs. Figures 4.5i exhibits the cross-sectional SEM image of the
PhS2Na2 protected layer. A surface layer is clearly observed with 7 μm in thickness, and more compact
compared to that before cycling. Indeed, the thickness of the protection layer can be adjusted by
controlling the precursor solution, but according to our experiment, the protection layer with 7 μm in
thickness has the best electrochemical performance. By comparison, the Ph-Na/NaCl and Na2S
protected sodium foils were prepared by using p-DB and sulfur (S8) as precursors, respectively. For
clarity, they are denoted as Ph-Na/NaCl|Na and Na2S|Na, respectively. Their surfaces are both coarse,
as shown in typical SEM images (Figure 4.6).

Figure 4.6 SEM and magnified SEM images of a, b) Ph-Na/NaCl|Na and c, d) Na2S|Na electrodes before cycling.
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The Ph-Na/NaCl|Na electrode exhibits an overpotential of 70 mV at 1 mA cm-2 (Figure 4.5a), and
is subjected to short circuit after cycling for 162 h. For the Na2S|Na electrode, big voltage fluctuation
occurs after cycling for 20 h. The Ph-Na/NaCl|Na and Na2S|Na electrodes show small and big dendrites
after 80 cycles, respectively (Figure 4.7).

Figure 4.7 SEM and magnified SEM images of a, b) Ph-Na/NaCl|Na and c, d) Na2S|Na electrodes after 80 cycles.

Sulfur (S8) could also be replaced by sulfur rich polymer (sulfur-limonene polysulfide, SLP), the
voltage fluctuation occurs frequently during the plating and stripping process, as shown in Figure 4.8.
However, when SLP and p-DB were used as precursors to construct the PhS2Na2-rich protection layer,
the achieved PhS2Na2|Na electrode delivers a very stable voltage profile for almost 600 h.

Figure 4.8 Voltage profiles of Na2S|Na and PhS2Na2|Na with a capacity of 1 mAh cm-2 at a current density of 1 mA
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cm-2. Sulfur-limonene polysulfide (SLP) takes part in the reactions to form the protection layer as a replacement of
S8.

PhS2Na2 is an important component in the protection layer to suppress the dendrite, which is further
confirmed by the DPDS additive. DPDS has double Ph-S functional groups, which can turn into Ph-S
salt in the previous studies.[26] In this study, DPDS was added into the EC/PC electrolyte to in-situ
form a SEI film containing Ph-S-Na. Figure 4.9 shows the voltage profile of pristine sodium foils as
a function of time under 1 mAh cm-2 and 1 mA cm-2, by using the electrolyte with 1 wt% DPDS
additive.

Figure 4.9 Voltage profile of sodium striping/plating on the symmetric pristine sodium metal using the electrolyte
with 1 wt% DPDS additive: a) a practical capacity of 1 mAh cm-2 at a current density of 1 mA cm-2; b) a practical
capacity of 3 mAh cm-2 at a current density of 1 mA cm-2; c, d) the corresponding SEM images after cycling for 160
h.

After activating for several cycles, a stable voltage profile is detected for nearly 200 h, much better
than that available by the electrolyte without DPDS additive. Figure 4.9b exhibits the voltage profile
versus time at a high practical capacity of 3 mAh cm-2. The pristine sodium foils can be repeatedly
stripped/plated for over 300 h without sign of short circuit. SEM image demonstrates that DPDS
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additive enables uniform sodium deposition on cycling. Figure 4.9c and d shows the typical SEM
images of pristine sodium foils after cycling for 160 h. The surface of foils is very smooth at a low
magnification. Even at higher magnification, only small particles are observed on the surface rather
than irregular dendrites and bumps. In order to investigate the influence of DPDS contents on the
electrochemical performance of Na metal electrode, 0.5% and 2% DPDS were added into the added in
EC/PC electrolyte to test the stripping/plating performance in symmetric cells. As shown in Figure
4.10, when using 0.5% DPDS as the additive, the voltage profile can remain flat for about 190 h with
an overpotential of 66 mV at 1 mA cm-2, 1 mAh cm-2, which is higher than that using 1% DPDS as the
additive (about 50 mV). When we increased the amount of DPDS to 2%, no further improvement was
achieved. So it could be known that 1% is a better choice for adding DPDS as additive into EC/PC
electrolyte.

Figure 4.10 Voltage profile comparison of sodium stripping/plating on the symmetric pristine sodium metal using the electrolyte with
0.5 wt% DPDS and 2 wt% DPDS as additives.

The XPS analysis demonstrated that DPDS was further decomposed into PhS-Na after cycling
(Figure 4.11).
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Figure 4.11 High-resolution XPS spectra of the sodium metal foil surface after 10 cycles when using 1 wt% DPDS
as additive: a) C 1s; b) S 2p.

In order to elucidate the function of Ph-S-Na, the DFT calculations were used to investigate the
interactions between the SEI components and Na+. As the traditional SEI consists of CH3ONa,
CH3OCO2Na and Na2CO3 in ester-based electrolyte, we compare the binding energy of Na+ interacting
with PhS2Na2, Ph-S-Na, CH3ONa, CH3OCO2Na and Na2CO3, as shown in Figure 4.12. The ΔEb of
PhS2Na2 and Ph-S-Na are -2.300 eV and -2.134 eV, respectively, which are lower than that of others.
The weaker binding energy leads to higher ionic conductivity and facilitates Na+ transport in the SEI
film.

Figure 4.12 Atomic structure and Binding energy between Na cation and the different components.
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As a proof-of-concept, the performance of the PhS2Na2 protected sodium as an anode is further
assessed in a full cell with Prussian blue as a cathode. The characterization of PB is shown in Figure
4.13.

Figure 4.13 a) XRD pattern and b) SEM image of synthesized Prussian Blue.

The full cells were carried out at a high rate of 5 C, which is equivalent to a current density of 0.85
A g-1. For the full cell using pristine sodium as an anode, the discharge capacity gradually decreases
with an increase of cycling number, and only 50% initiative capacity remains after 1000 cycles. By
comparison, the full cell with the PhS2Na2 protected sodium anode exhibits excellent cycling
performance, delivering a stable discharge capacity of for over 1000 cycles with capacity retention of
93% (Figure 4.14a). In addition, the full cells with the PhS2Na2 protected sodium anodes show lower
over potential than the full cells with pristine sodium anodes (Figure 4.14b). The full cell with a
protected sodium anode also shows excellent rate performance, delivering a discharge capacity of 105
mAh g-1 at 0.5 C and a discharge capacity of 69 mAh g-1 at high current density of 10 C, superior to
the one adopting the pristine sodium anode (Figure 4.14c). Figure 4.14d exhibits the cycling
performance of cells with pristine sodium anodes using the electrolyte containing 1 wt% DPDS
additive. The discharge capacity is up to 73.1 mAh g-1 after 500 cycles, with capacity retention of 84%.
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Figure 4.14 a) Cycling performance of full cells with Prussian blue as cathodes as well as with pristine Na and
PhS2Na2|Na as anodes at 5 C. b) The corresponding charging/discharging profiles (2nd and 100th cycle was selected)
and c) rate performance comparison of full cells with PhS2Na2|Na and pristine Na as the anode. d) Cycling
performance of Prussian blue cathodes paired with the pristine sodium anode using an electrolyte containing 1 wt%
DPDS.

4.4 Conclusion
In summary, we have showed that the PhS2Na2-rich protection layer can offer a stable interface for
uniform sodium deposition on cycling. The PhS2Na2 protected layer enables stable stripping/plating in
a symmetric cell for over 800 h at a practical capacity of 1 mAh cm-2. The protection layer was
generated by a facile chemistry reaction followed by self-activation, and was able to significantly
reduce the interfacial resistance. PhS2Na2 is identified to be a critical component in the protection layer
to suppress the growth of dendrite. This is further testified by DPDS as additives and DFT calculations.
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In addition, excellent cycling performance was obtained by such PhS2Na2 protected sodium anode
coupled with a Prussian blue cathode at a high rate of 5 C. This finding is very important since it
provides a new and promising strategy to stabilize sodium metal, which changes the sodium deposition
behavior by using organic sodium salts rather than traditional inorganic salts.
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Chapter 5 Effective Additive Enabling Stable Sodium Metal Anode
5.1 Introduction
Alkali metal batteries have gained increasing attention as the next generation high-energy storage
device because of its high theoretical capacity and low electrochemical redox potential.[1] Additionally,
the alkali metal anodes can pair with high potential cathodes without alkali metal elements to achieve
high voltage and energy output. Among these alkali metal anodes, sodium metal is considered as the
most promising candidate for applications in large-scale energy storage systems owing to its earth
abundance and low cost.[2] Nevertheless, sodium metal anode (SMA) still faces several huge
challenges before realizing practical applications.[3]
Na metal has high chemical reactivity and thus is able to generate solid electrolyte interphase (SEI)
film when it contacts the electrolytes. Generally, the spontaneously formed SEI film is inhomogeneous
and fragile, and also is vulnerable to deconstruction during cycling, resulting in the continuous
consumption of electrolytes and Na metal as well as the short battery lifespan.[4] Furthermore, the
unstable SEI film enables sodium preferentially deposited at the protuberances during plating, leading
to the generation of Na dendrites.[5] The formed Na dendrites are easy to fracture to form inactive
sodium (“dead Na”) during stripping and pierce the separator to give rise to internal short circuit,
resulting in low Coulombic efficiency and high safety risk.[6]
Up to now, massive efforts have been devoted to addressing the above challenging issues including
reducing the side reactions and suppressing Na dendrites. Although many advanced sodium metal hosts,
including 3D current collector,[7, 8] carbon materials,[9-11] MXene[12-14] and nucleation layer[15], can
successfully suppress the formation of Na dendrites through reducing local current density, their high
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surface area, and porous structures aggravate the side reactions and reduce the volumetric energy
density. Meanwhile, multiple methods including atomic layer deposition (ALD),[4, 16] molecular layer
deposition (MLD),[17] and surface chemical reaction have been reported to create homogenous artificial
SEI protection layers, such as r-GO,[18] NaBr,[19] Na3PS4,[20] and so on[21-23], which demonstrated the
capability to restrain Na dendrites. However, the complex and time-consuming fabrication procedures
restrict their scalable applications.
Alternatively, the in-situ generation of the SEI protection layer through the decomposition of the
functional additives on cycling is feasible and cost-effective. So far, just a few additives have been
developed for suppressing the Na dendrites, such as Fluoroethylene Carbonate (FEC),[24-27] Na2S6,[28]
and Potassium bis(trifluoromethylsulfonyl)imide (KTFSI).[29] However, FEC, widely used as an
additive in Li metal battery,[30, 31] demonstrates the very limited effect in SMA according to previous
studies.[25,

32]

While Na2S6 and KTFSI additives were only suitable for ether-based electrolytes.

Compared with ether-based electrolytes, carbonate-based electrolytes hold the merits of being cheaper,
better oxidation stability (compatible with high-voltage cathodes), but are more corrosive toward Na
metal. Therefore, developing new efficient additives in carbonate-based electrolytes for the generation
of stable and robust SEI protection layer are urgently needed.
Herein, we report that a commercially available organosulfur compound (tetramethylthiuram
disulfide, TMTD), which is widely used as vulcanization accelerator in rubber industries, can promote
dendrite-free plating/stripping of Na during long-term cycling as an additive with a low loading (Figure
1a). This new additive has multiple advantages, such as easy availability, low cost, and low toxicity,
which make it suitable for application in the battery. The symmetric cell can be repeatedly
plated/stripped for up to 1600 h in the conventional carbonate-based electrolyte containing only 2 wt%
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TMTD. According to Aurbach’s protocol, a cycling Coulombic Efficiency (CE) as high as 94.25% can
be achievable. The spectroscopic analysis and density functional theory (DFT) calculation reveal that
such superior performance stems from the organic sodium sulfide-rich SEI protection layer coming
from the decomposition of TMTD. The fundamental understanding of organosulfur compound additive
opens up new opportunities to design and engineer the interface of sodium metal anodes. This
fundamental understanding provides a new guideline for effectively regulating the interface layer of
SMAs, and the finding of organosulfur compound additive shows a potential application for sodium
metal battery plagued with dendrite issues.

5.2 Experimental Section
5.2.1 Materials Preparation
Preparation of the TMTD-added electrolyte: Propylene carbonate (PC), Ethylene carbonate (EC), and
Diglyme, Sodium hexafluorophosphate (NaPF6), were purchased from DoDoChem (China). Glass
fiber membrane (Whatman GF/D) was obtained from GE Inc. The TMTD (97%, Admas) added
electrolyte was prepared by dissolving stoichiometric amounts of TMTD in a certain amount of
electrolyte in the glovebox (O2, H2O < 0.1 ppm, Vigor, China). The blank electrolyte is composed of
1 M NaPF6 in EC/PC (1:1 in vol%). The as-prepared electrolytes with 1 wt% and 2 wt% were stirred
and rested for 1 day before using to make sure the complete dissolution of TMTD.
Preparation of Sodium Polysulfide (Na2S6) added electrolyte: Firstly, Sodium sulfide nonahydrate
(Greagent) was put in a tube furnace at 500 ℃ with Ar gas flow for 2 h to remove the crystal water.
Then the obtained anhydrous sodium sulfide (Na2S) was transferred into the glovebox for later use.
Synthesis of Na2S6 was according to a previous literature. In typically, Sulfur (S) and Na2S were mixed

87

in diglyme with a molar ratio of 1:5, followed by stirring at 80 ℃ overnight. Later, the diglyme was
evaporated by vacuum heating in a chamber connected to the glovebox. Then the collected product
(Na2S6) was dissolved in 1 M NaPF6 in EC/PC (1:1 in volume) at different concentrations. In this study,
0.033M and 2 wt% Na2S6-added carbonate electrolytes were prepared.
5.2.2 General Characterization
Scanning electron microscopic (SEM) images and energy dispersive X-ray spectroscopy (EDS)
analyses of the protection layer were obtained on a field-emission scanning electron microscopy (FESEM) Hitachi Regulus-8230. A transferring box filled with Ar was used to protect the samples from
contact with air. X-ray photoelectron spectroscopy (XPS) of the Na surface components after cycling
were collected by using a PHI-5000 versa ProbeⅢ. All Na metal samples were washed with DMC
well and dried in a vacuum-chamber attached to the glovebox before the test.
5.2.3 Electrochemical Measurement
All the cycling performance tests were carried out in coin-type cells (2032). Symmetric Na/Na coin
cells were assembled by using a glass fiber separator with 120 μL electrolyte. Symmetric cell testing
was performed on a battery test system (LAND CT2001A) at room temperature. Cyclic
voltammograms (CV) and Electrochemical impedance spectra (EIS) were carried out on an
electrochemical workstation (VSP Bio Logic). CV of Na/SS cells was scanned from 0 to 3 V at a scan
rate of 1 mV s-1. In the configuration of full cells, Na metal as anodes were paired with PB as cathodes
with 120 μL electrolyte and the glass fiber membrane serves as separators. It should be noted that in
Chapter 4 we utilized amount of 80 μL electrolyte, both 80 μL or 120 μL are excessive in our
experiments. It is possible that more electrolytes may enable longer lifespan as the electrolytes are
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continuously consumed. The full cell was firstly discharged to 2.3 V and then charged to 3.8 V vs
Na+/Na for each cycle and the CE of full cells were calculated by charged capacity/discharged capacity.
For evaluating the Na stripping/plating Coulombic efficiency (CE), a modified Aurbach method was
applied. The Cu foils coated with a layer of Au nanoparticles (40 nm in thickness) were used as the
substrates. Briefly, a pretreat with Na plating/stripping from 0 - 0.5 V vs Na/Na+ at 0.05 mA cm-2 for
1 cycle was carried out to complete the nucleation process between Na and Au firstly. Secondly, 3 mAh
cm-2 of Na was plated and stripped at 0.2 mA cm-2 for 1 cycle. Then, a Na reservoir with a capacity of
3 mAh cm-2 was deposited at the same current density, followed by 10 cycles of Na stripping/plating
at 0.5 mAh cm-2 (current density: 0.5 mA cm-2). Finally, stripping the residual Na at a cutoff potential
of 0.5 V versus Na/Na+. The CE was calculated according to the following equation:
𝐶𝐸 =

𝑛𝑄𝑐 +𝑄𝑠
𝑛𝑄𝑐 +𝑄𝑝

(5.1)

Where n, Qc, Qp and Qs represent cycle number (10 cycles), repeated Na stripping/plating amount
(0.5 mAh cm-2), the initial Na plating amount (3 mAh cm-2) and the final stripped Na amount after 10
striping/plating cycles.
5.2.4 Computational Details
Density functional theory (DFT) calculations were performed by using the hybrid B3LYP functional
and the 6-31G(d,p) basis set. All calculations were carried out using the Gaussian 09 program package.
The binding energy (Eb) was defined as: Eb = Etotal - EM - ENa+, Where Eb represents the total energy of
the complex, Em and ENa+ represent the energy of molecule and Na+, respectively.

5.3 Results and Discussion
TMTD is a faint yellow powder (Figure 5.1b), which has gained commercial application as a rubber
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accelerator. In this study, it is found that TMTD can dissolve into carbonate-based electrolyte as an
additive. As shown in Figure 5.1c, two clear and transparent yellow solutions were available after 1
wt% and 2 wt% of TMTD powder were dissolved into 1M NaPF6 EC/PC (1:1 in vol) electrolyte. But
the solution became muddy while the TMTD concentration was increased to 3 wt%, indicating that
TMTD cannot be dissolved completely beyond 3 wt%. TMTD additive can decompose into the organic
sodium-sulfide salt during cycling, which plays an important role in terms of adjusting the components
of SEI film. Figure 5.1a illustrates the component differences of the SEI protection layer formed in a
conventional EC/PC carbonate electrolyte (denoted as blank electrolyte) and in TMTD-added
electrolyte. Because of the high reactivity of Na metal with carbonates, the in-situ formed SEI in the
blank electrolyte is fragile and inhomogeneous, leading to the formation of Na dendrites. By contrast,
TMTD additive can tune the component of the SEI protection layer through self-decomposition to
suppress the growth of Na dendrites.

Figure 5.1 a) Schematic illustrations of the evaluation of the SMA surface morphology in the conventional carbonate
electrolyte and TMTD-added electrolyte. Optic images of b) TMTD powder, and c) the electrolyte of 1 M NaPF6 in
EC/PC (1:1 vol) with 1 wt%, 2 wt%, and 3 wt% TMTD.
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Also, a piece of Na cube was immersed into the TMTD-added electrolyte, and the Na cube still
shows metallic luster after 30 days, which indicates its excellent chemical compatibility with Na metal
(Figure 5.2a). Notably, TMTD additive hardly affects the ionic conductivity of the original electrolyte,
as shown in Figure 5.2b.

Figure 5.2 a) Photograph of metallic Na soaked in 1 M NaPF6 EC/PC (1:1 in vol%) with 1 wt% TMTD after 30 days.
b) Ionic conductivities for the 1M NaPF6 EC/PC with different concentrations of TMTD additive at room temperature.

The electrochemical behavior of TMTD-added electrolyte was evaluated by an asymmetric cell
configuration with a Na metal foil as the counter electrode and a stainless steel as the working electrode.
Figure S4 displays the cyclic voltammetry (CV) curves ranging from 0 V to 3 V at a rate of 1 mV s-1.
A well-defined reduction peak appears at around 1.5 V, which could be ascribed to the scission of S-S
bond of TMTD (Figure 5.3c) and the formation of sodium dimethyldithiocarbamates (Na-DMDT).
This breaking of S-S bond at a high reduction is consistent with the previous study.[33] It also should
be noted that the entire N-C-S2 group can form a resonant structure,[34, 35] which will be discussed later.
Another characteristic peak can be observed at about 0.4 V, which corresponds to the further reduction
reaction of partial Na-DMDT to generate Na2-DMTD· with a free radical. However, this form is highly
reactive and possibly further participates in the reactions with the solvent to generate a stable
component (Na2-DMDT-R, R represent alkyl group). Remarkably, no oxidation peaks are detected
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during the anodic scan, suggesting the irreversible decomposition of TMTD. In contrast, in the blank
electrolyte, a weak broad peak from 0.7 to 0 V is detected in the first cathodic scan (Figure 5.3b),
which is attributed to the decomposition of carbonate solvent.

Figure 5.3 CV curves of Na/SS asymmetric cells using: a) TMTD-added electrolyte and b) blank electrolyte scanned
at 1 mV s-1. c) Reaction mechanism of the TMTD decomposition during cycling.

The role of TMTD additive in the process of Na plating/stripping is evaluated by the electrochemical
performance of symmetric Na||Na symmetric cells. Figure 5.4a demonstrates the galvanostatic
stripping/plating profiles of Na||Na symmetric cells at 0.25 mA cm-2 with a capacity of 0.25 mAh cm2

in the electrolyte with and without TMTD additive. Symmetric cell using the blank electrolyte only

cycles for only 570 h. In contrast, the symmetric cell using 2 wt% TMTD electrolyte shows better
cycling performance, evidenced by more than 1600 h cycling without any sign of short circuit. At a
higher capacity of 0.5 mAh cm-2 (Figure 5.4b), the voltage of the cell using the blank electrolyte
gradually increases rapidly and exceeds the cut-off voltage before 200 h, which can be attributed to
the generation of a large amount of “dead Na”. In contrast, when adding TMTD additive, the
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polarization voltage gradually decreases after a few initial activation cycles. Notably, the voltage
curves become flat after a few cycles, which indicates the uniform Na deposition on cycling (Figure
5.4c). However, in the blank electrolyte, the plating/striping voltage plot demonstrates dual typical
peaks followed by two plateaus, as shown in Figure 5.4d.

Figure 5.4 Electrochemical performance of Na||Na symmetric cells in the TMTD-added electrolyte and the blank
electrolyte at (a) 0.25 mA cm-2, 0.25 mAh cm-2, (b) 0.5 mA cm-2, 0.5 mAh cm-2. (c) The galvanostatic plating/stripping
curve for the initial 20 cycles in the electrolyte with 2 wt% TMTD. (d) Typic galvanostatic plating/stripping profiles
of the cells using the blank carbonate electrolyte (13-15 cycles). (e) The magnified profiles of 80-82 cycles. (f)
Cycling stability comparison in the different electrolytes at 0.5 mA cm-2 and 1 mAh cm-2.

According to the previous study,[36] the peaks are considered as the traditional resistances that should
be overcome. For the plateau, it is related to the Na stripping from the fresh deposited Na under the
formed SEI, and the second plateaus corresponds to the Na stripping from the deeper Na electrode.
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The two plateaus marked as a, b in Figure 5.4d after peaks are the above two stripping process. Figure
5.4e compares the plating/stripping profiles from 80 to 82 cycles at 0.5 mAh cm-2. The voltage profile
of the cell using the blank electrolyte shows a big fluctuation while the profiles of the cell using the
TMTD-added electrolyte still keep flat and stable. This indicates the high stability of self-formed SEI
film and the uniform Na deposition on sodium metal. As a result, the symmetric cells can be repeatedly
plated/stripped for nearly 380 h in the electrolyte with 1 wt% TMTD additive and for over 700 h in the
electrolyte with 2 wt% TMTD at 0.5 mAh cm-2. Even at a higher reversible capacity of 1 mAh cm-2,
more than 450 h was observed in the electrolyte with 2 wt% TMTD while a short circuit signal appears
after 120 h in the blank electrolyte.
For comparison, two other typical additives (Na2S6 and FEC) were also investigated through the
Na||Na symmetric cell configuration in the carbonate electrolyte. Figure 5.5a is the optical image of
the electrolyte of 1 M NaPF6 EC/PC (1:1 in vol%) with 0.033 M Na2S6 additive according to
literature.[28] Figure 5.5b exhibits the corresponding plating/stripping profiles of the Na||Na
symmetrical cells using Na2S6 as additive. It can be seen that the polarization voltage of the cell starts
to rise after cycling for about 170 h, and shows a big fluctuation after 220 h. This result indicates that
the Na2S6 cannot improve the long-term stability of the Na metal electrode in the carbonate electrolyte.
In this study, 5 wt% FEC was added into the electrolyte as an additive to detect its effect on cycling
performance. As shown in Figure 5.5c and d, the symmetric cells were unexpected to short circuit
only after 52 h at 0.5 mAh cm-2 and 40 h at 1 mAh cm-2. Similar results have also been reported in the
previous studies in which FEC serves as the additive.[37] This reveals that FEC may not be a suitable
additive candidate in Na metal battery using carbonate electrolyte.
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Figure 5.5 a) Optical image of 1M NaPF6 EC/PC (1:1 in vol%) with 0.033 M Na2S6. Electrochemical performance
of Na||Na symmetric cells using the electrolyte with b) Na2S6-added additive at 0.5 mAh cm-2. Electrochemical
performance of Na||Na symmetric cells using 5 wt% FEC as additive at c) 0.5 mAh cm-2, d) 1 mAh cm-2. The current
density is 0.5 mA cm-2.

To further demonstrate the important role of TMTD additive, the CE of the Na metal electrode
reflecting the side reaction was measured according to Aurbach’s protocol.[38-40] As shown in Figure
5.6a, the CE of cell using the TMTD-added electrolyte is as high as 94.25% (according to the equation
in the inset), much higher than using the blank electrolyte (63.17%). This further reflects the superior
performance of TMTD additive.
As a proof-of-concept, the performance of TMTD-added electrolyte was further evaluated by a full
cell with Prussian blue as cathode and Na metal as the anode. The full cells were performed at a high
rate of 4 C (1 C = 170 mA g-1). For the cell using the blank electrolyte, the discharge capacity decreases
quickly with increased cycling number, and only 47.4% capacity remains after 600 cycles. By contrast,
the full cell using the TMTD-added electrolyte demonstrates a remarkable cycling performance,
delivering an average capacity of 86.2 mAh g-1 with 80 % capacity retention (Figure 5.6b) after 600
cycles. Moreover, the full cell using the TMTD-added electrolyte shows a lower overpotential than
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that using the blank electrolyte (Figure 5.6c). The full cell using TMTD-added electrolyte also shows
superior rate performance. It can deliver a discharge capacity of 86.8 mAh g-1 at 5 C after 50 cycles,
while the cell using the blank electrolyte decreases to 56 mAh g-1 after 50 cycles. At a high current
density of 10 C, the full cell using the TMTD-added electrolyte delivers a capacity of 70 mAh g-1,
much higher than that (20.3 mAh g-1) using the blank electrolyte at the same current density. (Figure
5.6d).

Figure 5.6 a) Galvanostatic protocol for evaluating Na stripping/plating CE in the TMTD -added electrolyte. The
inset is the plot in the blank electrolyte and the enlarged area is the final plating and stripping step. b) Cycling
performance of full cells with Prussian blue as cathodes and with pristine Na anodes at the current rate of 4 C. c) The
corresponding discharging/charging profiles of 2nd, 100th, and 200th cycle. d) Rate performance comparison of full
cells using the blank electrolyte and the TMTD-added electrolyte.

The above superior performance of TMTD-added electrolyte should be attributed to the robust and
stable SEI protection layer in-situ formed in the initial cycling. Scanning electron microscopic (SEM)
was conducted to monitor the surface morphology change of the Na metal electrode. As shown in
Figure 5.7a and b, the surface of the Na metal electrode contacting the blank electrolyte demonstrates
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an inhomogeneous and loose surface, and a large number of dendrites are detected after 20 cycles. The
dendrites become grand and colossal (Figure 5.7e and f) after 40 cycles. In contrast, the surface of the
Na metal electrode contacting the TMTD-added electrolyte is dense and uniform and no obvious
dendrites are detected (Figure 5.7c and d) after 20 cycles. Even after 40 cycles, the surface of the Na
metal electrode remains flat and smooth (Figure 5.7g and h). Furthermore, Figure 5.8 shows the
corresponding cross-sectional images of the Na electrodes after 20 cycles. They reveal a distinctive
difference in the two electrolytes. The deposited Na in blank electrolyte is porous while the deposited
Na in the TMTD-added electrolyte is dense and compact. Figure 5.7i and j show the Nyquist plots of
the symmetrical cells using the 2 wt% TMTD-added electrolyte and the blank electrolyte. They can be
equal to a circuit model as shown in Figure 5.7l, where Rs, Rct and CPE represent the resistance of
electrolyte, the resistance of charge transfer, and Constant Phase Element, respectively, and Zw is the
Warburg diffusion.[22] To be brief, the semicircle can be on behave of the interfacial resistance relating
to ion transport through the surface layer. Figure 5.7k shows the evaluation of interfacial resistance.
After 10 cycles of plating and stripping, the cell using the TMTD-added electrolyte exhibits a slightly
higher interfacial resistance compared to the blank electrolyte. Notably, the interfacial transport
resistance of cells with TMTD-added decreases to 511 Ω after 20 cycles and further to about 269 Ω
after 40 cycles. In contrast, the interfacial resistance of the cells using the blank electrolyte increases
continuously to nearly 1167 Ω after 40 cycles. The decrease of interfacial resistance is attributed to the
formation of a stable SEI protection layer along with the decomposition of TMTD. Such results
indicate that the stable SEI layer formed in the TMTD-added electrolyte during cycling can
significantly facilitate ion transport passing through the interface layer.
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Figure 5.7 Top-view SEM images of Na metal surface after 20 cycles in Na||Na symmetric cells using: a-b) the blank
electrolyte; c-d) the TMTD-added electrolyte. The corresponding SEM images after 40 cycles in Na||Na symmetric
cells using e-f) the blank electrolyte and g-h) the TMTD-added electrolyte. The Nyquist plots of the symmetric cells
using i) TMTD-added electrolyte and j) blank electrolyte after cycling. k) The evaluation of the corresponding Rct
values. l) The equivalent circuit of the above Nyquist plot. The scar bars are 10 μm.

Figure 5.8 The cross-sectional images of the Na electrodes in Na|| Na symmetric cells after 20 cycles using: a-b) the
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blank electrolyte and c-d) 2% TMTD-added electrolyte.

Definitely, the stability and high ion-conductivity of the in-situ formed SEI protection layer in the
TMTD-added electrolyte is dependent on its critical components. The composition of the in-situformed SEI protection layer was analyzed by X-ray photoelectron spectroscopy (XPS). Figure 5.9
shows the high-resolution XPS spectra of the protection layer formed in different electrolytes after 20
cycles. For comparison, the corresponding spectra of raw TMTD powder are presented in Figure 5.9b.
The peak at 285.4 eV in the C 1s spectrum of the protection layer corresponds to the Na-DMDT or
Na2-DMDT-R (C-S)[41] originating from the decomposition of TMTD. The other peaks at 284.7 eV
(C-C, C-H), 286.5 eV (C-O), 288 eV (C=O) and 288.9 eV (O-C=O) reflect the components from the
decomposition of carbonate electrolytes,[23] which is consistent with the C 1s spectrum from the blank
electrolyte (Figure 5.9d). The S 2p peaks at 161 eV (S-Na) and 162.7 eV (S-C) can be assigned to NaDMDT or Na2-DMDT-R, confirming that the SEI protection layer contains the organic sodium sulfide
salts from the decomposition of TMTD. It should be noted that the peak at 159.5 eV in the S 2p
spectrum could be attributed to the resonant structure of the N-C-S2 group from Na-DMDT (as shown
in Figure 5.11b). Previous studies demonstrated the extended π bond dispersing in between the C, N
and two S atoms makes the two S atoms more negative, leading to a blue-shift compared to the C=S
bond.[34] The N 1s spectrum, shows only one peak, corresponding to the N-C bond. Compared to the
spectrum of raw TMTD, the binding energy of N-C shifts from 399.8 eV to 399 eV, possibly because
of the resonant effect of the N-C-S2 group. For comparison, in the S 2p spectrum of the SEI layer
formed in the Na2S6-added electrolyte, the S-Na, and S-S bond were detected (Figure 5.9 c), indicating
the presence of Na2S and Na2Sx in the SEI layer.
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Figure 5.9 High-resolution XPS spectra of C 1s, S 2p, and N 1s of Na metal surface available a) in the TMTD-added
electrolyte after 20 cycles, b) the pristine TMTD powder, c) in the Na2S6-added electrolyte after 20 cycles and d) in
the blank electrolyte after 20 cycles.

Energy dispersive spectroscopy (EDS) mapping of the Na metal surface further reveals the
composition of the SEI layer formed in the TMTD-added electrolyte. As shown in Figure 5.9g, Na, C,
O, S and F elements are uniformly distributed in the SEI layer. The C and O elements mainly come
from the decomposition of the carbonate electrolyte, S and F elements originate from the
decomposition of TMTD additive and NaPF6 salt, respectively. The mapping result also demonstrates
that the presence of the organic sulfides salt in the SEI layer.
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Figure 5.10 SEM images with the corresponding EDX mapping of Na foil after 40 cycles in the TMTD-added
electrolyte. The scar bar is 25 μm.

In order to further elucidate the role of organic sodium sulfides in the SEI, density functional theory
(DFT) calculations were conducted to investigate the interactions between Na+ and the SEI
components (Figure 5.11a). Given the above XPS spectra analysis and previous studies,[42, 43] organic
sodium ethylene decarbonate (Na-EDC) and sodium ethylene glycol (Na-EG) were chosen as the
representative components of SEI in EC/PC electrolyte. Compared to these SEI components, NaDMDT shows a much lower binding energy with Na+ (-1.63 eV) than Na-EDC and Na-EG (-2.39 eV
and -2.70 eV, respectively). This indicates a weak interaction between Na+ and Na-DMDT, meaning
that Na+ is easier to pass through the SEI layer. Previous research also indicates the lower interaction
between the ion and the SEI component could lead to higher ionic conductivity and promotes ion
transport.[44] Na-DMDT possibly combines with Na+ to form Na2-DMDT+, which has a positive
nitrogen center owing to the electron flow from nitrogen to sulfur through planar delocalized π-orbitals
(Figure 5.11b).[45] It is worth noting that Na2-DMDT+ shows positive binding energy (1.73 eV) with
Na+, which means this binding structure is not stable and also facilitates Na+ to pass through the SEI
layer. In addition, the interaction between Na2-DMDT-R and Na+ was also investigated. Considered
the weak effect of the R group on the calculation result, the alkyl group of CH3 serves a representative
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of the R group to achieve binding energy of -1.79 eV between them. This also suggests a weak
interaction between Na2-DMDT-R and Na+.

Figure 5.11 a) Atomic structure and binding energy between Na cation and the SEI components. b) The alternative
transformation form of Na-DMDT.

Besides, DFT calculations were also applied to the molecular orbital analysis of EC, PC, TMTD
and Na-DMDT. As shown in Figure 5.12, TMTD exhibits the lowest unoccupied molecular orbital
(LUMO) energy (-1.53 eV) and followed by Na-DMDT (-1.28 eV), suggesting their prior
decomposition on the Na surface to form the desired organic components of the SEI layer (rich in
organic sulfides salt). This is consistent with the results from CV curves and indicates that TMTD is
suitable for Na metal anodes as an additive. Compared to the traditional organic components from the
decomposition of the carbonate solvents, the organic sulfides salt could be more conducive to maintain
the cycling stability of the in-situ formed SEI layer.
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Figure 5.12 The alternative transformation form of Na-DMDT. j) Frontier molecular orbital levels of EC, PC, TMTD
and Na-DMDT. The red and green regions represent the positive and negative parts of the LUMO and HOMO wave
functions, respectively.

5.4 Conclusion
In summary, a new kind of organosulfur compound additive (TMTD) enabling the formation of a stable
and robust SEI protection layer on the surface of Na metal, which is cheap and commercially available,
has been reported. The XPS spectra analysis and the DFT results reveal that organic sulfide salt from
the TMTD decomposition is a critical component in the SEI layer. Such organic sodium sulfide-rich
SEI layer can not only facilitate Na+ transport to reduce interfacial resistance but also suppress the Na
dendrite formation during cycling. The symmetric cells using the TMTD-added electrolyte can sustain
the stable cycling as long as 1600 h at 0.25 mAh cm-2 as well as a high cycling CE of 94.25% according
to Aurbach’s protocol. Full cells using the TMTD added electrolyte can remain an 80% capacity
retention after 600 cycles at a high rate of 4 C. The fundamental understanding of organosulfur
compound additive provides a viable guideline to the development of SMBs with high reversibility
and high safety in the carbonate electrolyte, which could also be extended to other alkali metal batteries.
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Chapter 6 A Non-flammable Electrolyte for High-performance Sodium
Metal Batteries
6.1 Introduction
Metallic sodium (Na) metal has been regarded as a promising anode material for next-generation high
energy batteries owing to its high theoretic capacity (1166 mAh g-1), low redox potential (-2.71 V vs.
SHE), high abundance, and low cost[1]. Additionally, Na metal anode can pair with a wide variety of
high-capacity cathodes without Na element, such as sulfur (S)[2, 3], oxygen (O2)[4] and nickel chloride
(NiCl2)[5]. These advantages directly promote the rapid development of rechargeable sodium metal
batteries (SMBs). However, sodium metal anode (SMA) with high chemical reactivity still suffers
from several challenging problems, such as the side reactions between Na and electrolyte as well as
the Na dendrites growth during cycling[6]. The serious side reactions continuously consume the Na
metal and electrolyte, leading to low Coulombic efficiency and short lifespan[7]. The formed Na
dendrites easily fracture to form inactive sodium (“dead Na’), resulting in a rapid loss of reversible
capacity and poor cycling performance[8]. Besides, the Na dendrites may give rise to an internal short
circuit through piercing the separator, causing a safety concern. More seriously, the conventional
organic electrolytes (ether or ester) are highly volatile and flammable, which aggravate the risk of
firing and explosion (Figure 6.1, left).[9]
Currently, considerable efforts have been devoted to addressing the above issues. To suppress the
formation of Na dendrites, multiple strategies have been proposed, such as constructing 3D host
frameworks,[10-14] using high concentrated electrolytes,[15-17] and creating an artificial solid-electrolyte
interface (SEI).[18-20] Although some progress has been achieved, most studies focus on flammable
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organic ether-based electrolytes and carbonate-based electrolytes. It is easy to get a high Na
plating/stripping coulombic efficiency (> 99%) in ether-based electrolytes by Na||Cu configuration,
however, the propensity of ethers decomposing at high voltage (> 4 V) hinders their application in
high-voltage full cells. By contrast, carbonate-based electrolyte can match high potential cathode
because of higher oxidation resistance, but show serious side reactions with Na metal, resulting in
worse electrochemical performance. In order to alleviate the side reactions, FEC was used as an
effective additive to achieve the NaF-rich SEI layer,[21] which only improves the Na plating/stripping
coulombic efficiency up to 88% along with a short stable cycling (< 100 cycles).

[22]

This is still far

from the practical demand.
To mitigate the safety concerns of organic flammable ether and carbonate-based electrolytes,
inorganic solid electrolytes were developed to prevent Na dendrites from piercing the separator.[23, 24]
Their applications are troubled by their poor wettability with Na metal and fabricating difficulty. The
non-flammable ionic liquid was also reported to stabilize SMA,[25, 26] but is also challenged by its high
cost, low ionic conductivity, and side reactions. Compared to ionic liquid, non-flammable organic
phosphates, trimethyl phosphate (TMP),[27,

28]

triethyl phosphate (TEP)[29] and dimethyl methyl

phosphonate (DMMP),[30] are low cost and easily available. But unfortunately, when applying Na
metal as the anodes, phosphate-based electrolytes cannot form a stable SEI layer on the Na metal,
which also suffer from the challenging problems associated with the Na dendrites and the serious side
reactions.[31] And the related researches of phosphate-based electrolytes in SMBs are very few when
compared with the investigation for Li/Na-ion batteries. Therefore, it is urgently needed and
challenged to develop a non-flammable electrolyte that can hold high safety and effectively stabilize
SMAs.
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In this work, we report that a non-flammable phosphate-based electrolyte with FEC and DTD
promotes dendrite-free plating/stripping of Na metal with high reversibility through an in-situ formed
SEI layer (Figure 6.1 right). The DTD additive can decompose during cycling and regulate the SEI
components to form a robust and integrated protection layer on Na metal, leading to an average
plating/stripping CE as high as 93.4% over 250 cycles. The Na||Na symmetric cell can be stably
plated/stripped for more than 1350 h at 1 mAh cm-2. Such high reversibility during long term cycling
is unprecedented in ester-based electrolytes. A full cell with Prussian Blue (PB) cathode based on the
developed electrolyte can stably cycle for more than 1850 cycles with a capacity retention of 88%. The
SEM and XPS depth analysis reveal that this excellent reversibility and stability of Na stripping/plating
stem from the synergy of the multi-component of compact and integrated SEI layer in-situ formed with
the assistance of DTD additive.

Figure 6.1 Schematic of Na metal battery configurations with conventional organic electrolyte or with nonflammable electrolyte.

6.2 Experimental Section
6.2.1 Materials Preparation
Electrolyte preparation: 0.8 M NaPF6 was dissolved in different TMP-based solvents including TMP
solvent, TMP-FEC (7:3 in volume) solvent and TMP-FEC (7:3 in volume) with various contents of
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DTD as solvent, respectively. All the TMP-based electrolytes were prepared inside a glovebox with
O2 and H2O content < 0.1 ppm (Vigor, China).
Preparation of full cells: Prussian Blue (PB) was synthesized according to previous description. The
Prussian Blue Cathode electrodes were prepared by casting the slurry mixture of PB, super P, and
binder (PVDF) with a mass ratio of 70:20:10 on an Al foil (~1mg cm-2), and then cut into disk-like
sheets with a 10 mm diameter before assembly. 120 μL electrolyte was used for each cell with glass
fiber membrane as separator. For the thick Na anode, a Na cube was rolled to Na plate with a thickness
of ~ 250 μm (equals to 28.2 mAh cm-2) and then cut into disk-like sheets with a 10 mm diameter. The
limited Na anode was prepared by pre-electrodeposition in corresponding electrolytes on Cu foil, and
the Cu foil was firstly coated with a thin layer of Au nanoparticles to regulate uniform deposition.
Firstly, 3 mAh cm-2 of Na was plated and stripped at 0.25 mA cm-2 to form a layer of SEI. Then, the
needed Na amount was plated at 0.25 mA cm-2 according to the areal capacity of the cathode. The PB
was first pre-discharged to 2.1 V to obtain a full discharged state (Na2FeFe(CN)6). And then the full
cells were carried out in the potential range from 2.1 V to 4.1 Vs. Na+/Na for each cycle and the CE of
full cells were calculated by discharged capacity/charged capacity.
6.2.2 General Characterization
Scanning electron microscopic (SEM) images and energy dispersive X-ray spectroscopy (EDS)
analysis of Na surface were obtained on a field-emission scanning electron microscopy (FE-SEM,
JEOL JSM-7610F PLUS). The post-mortem Na metal samples for SEM and XPS analysis were
prepared by adding an extra Cegard 3501 between Na metal and GF separator on cycling. After cycling
in Na||Na symmetric cells, the cells were disassembled in the glovebox. The obtained Na foils with
SEI layer were repeatedly washed by TMP solvent and dried in a vacuum-chamber attached to the
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glovebox before tests. During the transferring process of samples, a transferring box filled with Ar was
used to protect the samples from contact with air. Depth profiling X-ray photoelectron spectroscopy
(XPS) of the Na surface components after cycling were collected by using a PHI-5000 versa Probe Ⅲ
with Ar+ etching.
6.2.3 Electrochemical Measurement
All the cycling performance tests were carried out in coin-type cells (2032). Cyclic voltammograms
(CV), Electrochemical impedance spectra (EIS), and Linear sweep voltammetry (LSV) were carried
out on an electrochemical workstation (VSP Bio Logic). CV of Na/Stainless steel (SS) cells (Na as the
counter and reference electrode, SS as the working electrolyte) was scanned from -0.5 to 5.5 V at a
scan rate of 1 mV s-1. EIS was recorded from 100 kHz to 0.01 Hz. LSV was recorded from opencircuit voltage (OCV) to 6 V at a scan rate of 1 mV S-1. The ionic conductivities of the different
electrolytes were measured by EIS from 100 kHz to 1 Hz with an amplitude of 5 mV. The test cells
were assembled by using the round sheets of stainless steel as the blocking electrodes in the electrolyte
samples. And the test cells were kept at each test temperature (from 0 ℃ to 90 ℃) for 30 min. The
Na||Al half-cells were assembled to evaluate the Coulombic efficiencies with a cutoff voltage of 0.5 V
and the Na||Na symmetric cells were assembled to investigate the reversibility of Na metal
electrode.120 μL electrolyte was used for each cell with glass fiber membrane as separator.
6.2.4 Computational Details
The HOMO-LUMO gaps of different molecules were computed by Density functional theory (DFT)
calculations, which were performed by using the hybrid B3LYP functional and the 6-311G (d, p) basis
set. All calculations were carried out using the Gaussian 09 program package.
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6.3 Results and Discussion
Design Principles and Physicochemical Characterization of the Proposed Non-flammable
Electrolyte. Phosphate-based electrolytes including TMP, TEP, and DMMP generally have some
attractive advantages such as high solvability, low viscosity, wide electrochemical window, and
intrinsic nonflammability. Initially, we compared the chemical stability between Na metal and
phosphate solvents. Fresh Na cubes were soaked in TMP, TEP, and DMMP solvents, as shown in
Figure 6.2. After soaking 24 hours, the Na cube floated in TMP and the solvent still kept clear, while
the Na cube disappeared in TEP and DMMP became light yellow and muddy, demonstrating that TMP
has better chemical stability against Na than the others. Therefore, TMP was used as the major solvent
to prepare the electrolyte in this study.

Figure 6.2 Molecular structures of TMP, TEP, DMMP and their chemical compatibility towards Na metal.

The electrochemical stability of the as-prepared 0.8 NaPF6 TMP-based electrolyte (denoted as TMPE) was measured by cyclic voltammetry (CV) from -0.5 V to 5.5 V. As shown in Figure 6.3a, the curve
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of TMP-E exhibits a strong peak at around -0.2 V during the cathodic scan, corresponding to the Na
plating on the stainless-steel electrode. However, no corresponding stripping peak appears for TMPE, indicating low reversibility. To improve the reversibility of Na plating/stripping, we tried to regulate
the components of the SEI layer formed in TMP-based electrolytes to achieve uniform Na deposition
and suppress the side reactions through introducing FEC and DTD. They were picked up based on the
following considerations. First, FEC and DTD can preferentially decompose on the initial cycling in
the system of TMP-E. Figure 6.3c shows the calculated relative energy of the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of TMP, FEC and
DTD molecules. Compared to TEP, FEC and DTD have a lower LUMO, indicating their
decomposition priority. Besides, both FEC and DTD have lower HOMO than TMP, demonstrating
higher oxidative stability. Second, FEC and DTD are expected to give rise to the desired F, Scontaining compounds. Thus, other three TMP-based electrolytes including TMP/FEC (7:3 in vol%),
TMP with 5 wt% DTD, and TMP/FEC (7:3 in vol%) with 5 wt% DTD were also prepared in this work.
For simplicity, they are denoted henceforth as TMP/FEC-E, TMP/DTD-E, and TMP/FEC/DTD-E,
respectively. Figure 6.3a also shows their CV curves, revealing that only FEC or FEC/DTD can
improve the reversibility of the deposited Na. Remarkably, the CV curve of TMP/FEC/DTD-E not
only reveals high reversibility of the deposited Na, but also delivers a high redox current, indicating
its superior transport kinetics of Na ion. The fast kinetics of Na plating/stripping in TMP/DTD-E are
attributed to the originate from the S-containing compounds in the SEI originated from the
decomposition of DTD, which can greatly improve the ionic conduction kinetic. However, DTD as
additive alone shows poorly stripping performance, which is possibly attributed the fact that the SEI
from DTD decomposition is not robust enough to prevent the formation of “dead” Na. In addition, no
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oxidation peak was observed for both TMP/DTD-E and TMP/FEC/DTD-E in the reverse anodic scan,
while an obvious peak appears at around 4.2 V for TMP-E and TMP/FEC-E. Moreover, the CV shape
can keep well in the second scan for the electrolytes with additives, while the side reaction aggravates
for TMP-E at the low potential (Figure 6.3b). From the CV curves, it can be concluded that FEC can
improve reversibility while DTD can protect electrolyte from decomposition.

Figure 6.3 The CV curves for different TMP-based electrolytes at a scan rate of 1 mV s-1 a) 1st scan, b) 2nd scan. c)
Frontier molecular orbital levels of TMP, FEC and DTD. c)The red and green regions represent the positive and
negative parts of the LUMO and HOMO wave functions, respectively.

Interestingly, we also tested the linear sweep voltammetry (LSV) of TMP/FEC/DTD-E from opencircuit voltage (OCV) to 6 V (Figure 6.4) and found that the peak at ~ 4.2 V still exists. This indicates
that there is a SEI layer formed during the first cathodic scan, which can prevent the follow-up
decomposition of TMP/FEC/DTD-E. The chemical stability between TMP/FEC/DTD-E and the Na
metal is shown in Figure 6.4b. It can be observed that after soaking 7 days, the Na keeps metallic
luster and the electrolyte is still clear, implying excellent chemical stability against the Na metal.
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Figure 6.4 a) LSV of TMP/FEC/DTD-E at a scan rate of 1mV s-1. b) Optic images of Na metal soaked in
TMP/FEC/DTD-E.

Ionic conductivity is an important factor of the electrolytes. The effect of NaPF6 on the ionic
conductivity of TMP/FEC-E at room temperature is investigated, as shown in Figure 6.5. It reveals
that the ionic conductivity increases sharply from 2.39 mS cm-1 to 5.20 mS cm-1 from 0.2 M to 0.8 M.
Then it rises slightly to 5.37 mS cm-1 at 1.2 M, and decreases with concentration further going up
because of the viscosity rising of electrolytes. From the economical point of view, the concentration
of NaPF6 was set as 0.8 M in this work. The temperature dependence of ionic conductivities was
explored for TMP-E, TMP/FEC-E, and TMP/FEC/DTD-E with 0.8 M NaPF6. Figure 6.5b shows the
evaluation of their conductivity in a temperature range from 0 ℃ to 90 ℃. TMP/FEC-E has a higher
ionic conductivity than TMP-E among all the temperature range. After introducing 5 wt% DTD, the
ionic conductivity of TMP/FEC/DTD only slightly decreases, and can still reach 4.64 mS cm-1, which
can afford the usage requirement in practical application. Besides, it is found that the activation energy
of TMP/FEC/DTD-E was calculated to be 10.04 kJ mol-1 based on the Arrhenius equation, which is
lower than that of TMP-FEC electrolyte (10.22 kJ mol-1) and TMP electrolyte (10.98 kJ mol-1). Lower
activation energy indicates that TMP/FEC/DTD-E has less temperature dependence than the others.
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Figure 6.5 a) The concentration dependence of the ionic conductivities of NaPF6 in TMP/FEC (7:3 in vol%) at room
temperature. b) Ionic conductivities for different TMP-based electrolytes at a temperature range of 0 to 90 ℃.

Notably, this electrolyte inherits the nature of non-flammability, Figure 6.6 compares the
flammability of TMP/FEC/DTD-E with the conventional carbonate electrolyte (1M NaPF6 in EC/PC).
The carbonate-based electrolyte shows highly flammable while TMP/FEC/DTD-E self-extinguishes
quickly after igniting. This excellent fire retardancy is highly desired for safety concerns.

Figure 6.6 Electrolyte flammability test for conventional carbonate electrolyte (EC/PC) and TMP/FEC/DTD-E.

Electrochemical Performance of Na Metal Anode in the Non-flammable Electrolyte. To evaluate the
electrochemical reversibility and stability of Na metal in the non-flammable electrolyte, the Na||Al half
cells were assembled. Figure 6.7a shows the CE of Na plating/stripping as a function of cycle number
in the TMP-based electrolytes with different additives. The Na plating/stripping delivers a low CE ~
50% in TMP-E and can only last for a few cycles. The CE in TEP/DTD-E is up to ~ 80% after several
cycles, but decreases quickly after 15 cycles. FEC can promote the reversibility of Na plating/stripping
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with an average CE of 87.1% in TEP/FEC-E, which, unfortunately, can only maintain 60 cycles.
Remarkably, an average CE as high as 93.4% for 250 cycles is available for Na plating/stripping in
TEP/FEC/DTD-E. It is worth mentioning that the average CE is up to 94.56% in the range of 16 - 150
cycles. It is noteworthy that the CE of Na plating/stripping in TMP/FEC/DTD-E is lower than that in
TMP/FEC-E in the initial cycles, which is ascribed to the gradual formation of SEI on cycling. Once
the stable SEI is formed, the CE begins to stabilize. To our best knowledge, such cycling stability of
CE is unprecedented in carbonate-based electrolytes. The cycling performance of CE only maintains
100 cycles in most previous studies

[22, 32-34]

, which is summarized in Table 6.1. Figure 6.7b shows

their voltage profiles, which are picked on their stable cycles. TMP/DTD-E shows the smallest
polarization of 69 mV, indicating its good ionic conduction kinetics, while TMP/FEC/DTD-E delivers
a slightly larger polarization of 110 mV in contrast with that in TMP/FEC-E (180 mV) and TMP-E
(210 mV). Notably, it has the highest CE in TMP/FEC/DTD-E (98.45%). This result demonstrates that
DTD can reduce polarization. To better evaluate the efficiency of Na cycling on a Na metal substrate,
Aurbach protocol of CE testing was carried out, as shown in Figure 6.7c. The CE in TMP/FEC/DTDE is 95%, higher than that in the TMP/FEC-E (85.13%) and in the TMP-E, within which the cell failed
after several cycles. Such high performance should be attributed to the improved and robust SEI
regulated by adding DTD, which protects the Na metal from contacting with electrolyte and reduces
side reactions.
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Figure 6.7 Electrochemical performances of the Na||Al cells. a) CE of Na plating/ stripping as a function of cycle at
0.5 mA cm-2 and 0.5 mAh cm-2; b) The corresponding voltage profiles for the Na||Al cycled at the state of high CE.
c) Galvanostatic cycling protocol for evaluating the Na stripping/plating CE suggested by Aurbach.

Table 6.1 A summary of cycling performance of CE in asymmetric cells in carbonate-based electrolytes.

No.

Electrolyte

Cycling condition

Cycling performance

Reference

This work

1

0.8 M NaPF6 in
TMP/FEC/DTD

0.5 mA cm-2, 0.5 mAh cm-2

~93.4% over 250
cycles
~ 94.56% from 15150 cycles

2

1 M NaPF6 in
EC/PC/FEC (5 wt%)

1 mA cm-2, 1 mAh cm-2

~88% over 50 cycles

[22]

3

1M NaFSI in FEC

0.28 mA cm-2, 0.56 mAh
cm-2

94% over 100 cycles

[32]

4

0.5 M NaPF6 in
PC/EMC/FEC (1:1:1)
with 4 wt% PS gel
polymer electrolyte
(GPE)

0.5 mA cm-2, 0.5 mAh cm-2

98.7% after 100
cycles

[33]
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5

1 M NaPF6 in
FEC/PC/HFE +PFMP
(3:3:4 + 0.5 vol%)

0.5mA cm-2, 0.5 mAh cm-2

~94.2 % over 100
cycles

[34]

Stripping/plating measurements were performed in the Na||Na symmetric cells to validate the longterm cycling performance. Figure 6.8a exhibits the galvanostatic stripping/plating profiles of the
Na||Na cells in the above electrolytes at 0.5 mA cm-2 and 0.5 mAh cm-2. In TMP-E, the voltage
hysteresis begins to sharply increase after a few cycles and then short-circuit occurs after 64 h. The
symmetric cells cycle for about 100 h and 400 h in TMP/DTD-E and TMP/FEC-E, respectively. DTD
or FEC cannot significantly improve the cycling stability singly. The symmetric cells cycle for about
100 h and 400 h in TMP/DTD-E and TMP/FEC-E, respectively. In contrast, the symmetric cell in
TMP/FEC/DTD-E exhibits a very stable voltage profile for more than 1300 h with a much lower
voltage hysteresis (~ 50 mV). Because of the poor cycling performance of TMP-E and TMP/DTD-E,
we mainly focus on comparing the TMP/FEC-E and TMP/FEC/DTD-E in the following research. At
a higher capacity (1 mAh cm-2) as shown in Figure 6.8b, the cell in TEP/FEC/DTD-E can be
repeatedly stripped/plated for more than 1350 h, which is much better than that in TMP/FEC-E (shortcircuit after 270 h). Moreover, the cell in TEP/FEC/DTD-E delivers a lower hysteresis and flat profile
even after cycling 1200 h (301-303 cycles), indicating excellent cycling performance. Figure 6.8c and
d show the voltage profiles of the symmetric cell in TEP/FEC/DTD-E at a higher current density (1
mA cm-2) and higher capacity (2 mAh cm-2 and 5 mAh cm-2), delivering stable cycling as long as 668
h and 720 h, respectively. The rate performance of the symmetric cells was evaluated with a fixed time
of 1 hour per half cycle (Figure 6.8e) The cells in TEP/FEC/DTD-E show superior rate capability and
even endure current density as high as 5 mA cm-2.
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Figure 6.8 Comparison of the galvanostatic plating/stripping of Na||Na symmetric cells at a) at 0.5 mA cm-2 and 0.5
mAh cm-2, b) 0.5 mA cm-2 and 1 mAh cm-2; c) 1 mA cm-2 and 2 mAh cm-2; d) 1 mA cm-2, 5 mAh cm-2. e) The rate
performance of the symmetric cells under different current density at a fixed time of 1 h for each half cycle.

Characterization of the In-situ Formed SEI Layer and Morphologies of the Cycled Na Metal Anode.
The above excellent performance of Na electrode in TMP/FEC/DTD-E should be attributed to the
formation of a high-quality SEI layer. An intact SEI layer that sticks to the GF separator can be obtained
from the first cathodic scan at 1 mV s-1. (Figure 6.9a) The corresponding EDS mapping images show
that Na, O, C, P, F, S elements are evenly distributed in the SEI layer. The cross-sectional images reveal
that this layer is thin (< 1 μm) and dense (Figure 6.9b). In contrast, both TMP-E and TMP/FEC-E fail
to form an intact layer in the same test (Figure 6.9c and d). This demonstrates that integrated SEI layer
was in-situ formed with the assistance of DTD additive.
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Figure 6.9 a) SEM images of the SEI layer obtained through CV for 1 cycle a) Top-view and the corresponding EDS
mapping, b) Cross-sectional view in TMP/FEC/DTD-E. Top-view SEM images of the GF surface after 1 cycle
through CV in a) TMP-E, b) in TMP/FEC-E.

Figure 6.10 Top-view SEM images of deposition morphologies in different electrolytes a) TMP/FEC/DTD-E, b)
TMP/FEC-E, c) TMP/DTD-E, and d) TMP-E.

Besides, the deposition morphologies in different electrolytes were recorded in Figure 6.10 under a
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current density of 0.25 mA cm-2, among which only the surface of Na metal in TMP/FEC/DTD-E
shows flat morphology. In contrast, the Na metal foils in other electrolytes show a course surface.
To further confirm the important role of the SEI layer, scanning electron microscopic (SEM) was
conducted to investigate the post-mortem surface morphologies of Na electrodes after 50 cycles. As
shown in Figure 6.11a and b, the Na metal electrode obtained from TMP/FEC/DTD-E presents a dense
and smooth surface without Na dendrites behavior, which should be attributed to the effective
protection of the robust SEI. In contrast, the surface of the Na electrode in TMP/FEC-E demonstrates
a porous and loose structure after cycling (Figure 6.11c). The Na dendrites are observed in a magnified
SEM image (Figure 6.11d). A similar phenomenon is observed in TMP-E, and the Na electrode shows
a coarse surface after cycling (Figure 6.12). Cross-sectional images provide a further evidence, as
shown in Figure 6.11e, it reveals a SEI layer (~ 800 nanometers, as shown in the inset) on the dense
and compact deposited Na. While in TMP/FEC-E, it exhibits a porous and fluffy structure of the
deposited Na (Figure 6.11f).

Figure 6.11 The SEM images of Na electrode of Na||Na symmetric cells after 50 cycles in a-b) TMP/FEC/DTD-E
and c-d) TMP/FEC-E at 0.5 mA cm-2 and 0.5 mAh cm-2. The corresponding cross-sectional images of Na electrode
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after 50 cycles in (e) TMP/FEC/DTD-E and (f) TMP/FEC-E.

Figure 6.12 a) Top-view SEM images and b) magnified SEM image of Na metal surfaces after 50 cycles in Na||Na
symmetric cells in TMP-E.

The formed-robust SEI layer formed with the assistance of DTD not only suppresses the formation
of dendrites and side reactions, but also boosts the kinetics of Na+ transport, which is confirmed by the
electrochemical impedance spectra (EIS). Figure 6.13 shows the Nyquist plots of the symmetric cells
after different cycles, showing a lower interfacial resistance for the cell in TMP/FEC/DTD-E. An
equivalent circuit diagram is shown in the inset, where Rs, RSEI, Rct, and CPE represent the resistance
of electrolyte, bulk resistance of SEI, resistance of charge transfer and constant phase element
respectively. The interfacial resistance equals to the summation of RSEI and Rct. In detail, the interfacial
resistance of the cell in TMP/FEC/DTD-E decreases to ~100 Ω after 50 cycles whereas the
corresponding resistance of the control cell in TEP/FEC-E still holds around 1000 Ω. This is also in
agreement with the results from the voltage profiles of Na||Al half cells and Na||Na symmetric cells.
Such results indicate that the DTD plays an important role in adjusting the ionic conductivity of the
interfacial SEI layer.
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Figure 6.13 The Nyquist plots of the symmetric cells after different cycles. The insets are the equivalent circuit
diagram and the enlarged area of the plot.

Components Analysis of the In-situ Formed SEI Layer. The multi-component in the in-situ formed
SEI plays a vital role in improving the stability and reversibility of SMBs. Depth profiling X-ray
photoelectron spectroscopy (XPS) was carried out to analyze the compositions of the formed SEI in
this work. As shown in Figure 6.14a, the peaks are observed at approximately 687 eV (NaxPFyOz),
684 eV (NaF) in F 1s

[35-37]

, 133.3 eV (Phosphate: Na3PO4) in P 2p

[38]

, and around 169 eV

(R(OSO3Na)2), 166.5 eV (Na2SO3) in S 2p [39] for the Na surface in TMP/FEC/DTD-E. Additionally,
the peaks of Na2S at about 161.6 eV (S 2p3/2) 162.8 eV (S 2p1/2) [40] appear when the etch depth is up
to 20 nm. The above results indicate that the SEI layer formed in TMP/FEC/DTD is composed of Fcontaining compound (NaF and NaxPFyOz), S-containing compound (Na2S, Na2SO3 and organic Scontaining salts), and phosphate (Na3PO4). By comparison, the SEI layer formed in TEP/FEC-E shows
a higher ratio of NaxPFyOz and no S 2p peaks are observed (Figure 6.14b). For the SEI layer in TMPE, the peaks of NaxPFyOz are much stronger (Figure 6.14c). Figure 6.14d summarizes the ratio of
NaF to NaxPFyOz for the F-containing compound in the SEI layer formed in the above electrolytes. It
can be concluded that the SEI layer formed in TMP/FEC/DTD-E presents a higher ratio of NaF (~82%)
from the surface to 100 nm depth. While for the other two electrolytes, a higher ratio of NaxPFyOz is
detected because of the reduction of the anion (PF6-) [37]. In TMP-E, the F element only originates from
the decomposition of anion PF6-, and only a small part can be transformed into NaF. Therefore, the
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ratio of NaF to organic NaxPFyOz is very low. For the difference in the ratio of NaF to organic NaxPFyOz
between TEP/FEC-E and TMP/FEC/DTD-E, it is attributed to the DTD additive that assists to make
the formed SEI dense and robust, which can prevent the side reactions between Na metal, anion, and
solvent. Also, the SEI layer formed in other electrolytes is loose and porous, easily resulting in a large
number of by-products (i.e. NaxPFyOz). This is consistent with the result from the above SEM images.

Figure 6.14 High-resolution F 1s, P 2p and S 2p XPS depth profiles of the Na metal surface after 50 cycles in a)
TMP/FEC/ DTD-E, b) TMP/FEC-E and c) TMP-E. d) The ratio of NaF to NaxPFyOz in different electrolytes
according to the XPS analysis. e) Schematic illustration of the SEI layer formed in TMP/FEC/DTD-E and TMP/FECE.

The mapping of Na surface in TMP/FEC/DTD also shows a uniform distribution of P, F, and S after
50 cycles (Figure 6.15). From the above depth profiling XPS analysis, one can see that the
combination of S-containing compound (Na2S, Na2SO3 and organic S-containing salts), NaF and
phosphate (Na3PO4) makes the SEI layer formed in TMP/FEC/DTD-E robust on cycling. A robust SEI
should be an intense passive layer with good mechanical strength, which can effectively separate the
electrolyte and anode to suppress the side reactions.
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Figure 6.15 SEM image with corresponding EDX mapping after 50 cycles in TMP/FEC/ DTD-E.

In the electrolyte with only DTD additive, the formed SEI has a lower ratio of NaF. The lack of
inorganic NaF may decrease the mechanical strength of SEI, which make the formed SEI layer easily
damaged on cycling. In the electrolyte with only FEC additive, the formed SEI is not intense and
cannot effectively reduce the side reactions. By adding FEC and DTD together, the synergy of the
decomposed products in the SEI layer has the following advantages. First, the SEI layer contains a
high ratio of NaF to organic NaxPFyOz with the presence of DTD additive, and inorganic NaF can
suppress the formation of Na dendrite because of its high interfacial energy with Na[41-43] and improve
the mechanical strength of SEI. Second, Na2S, which is originated from the decomposition of DTD,
was observed in the inner SEI layer, and Na2S could help to generate a robust SEI to prevent the growth
of Na dendrites

[44, 45]

. Third, DTD additive increases the organic sulfide components, which is

homogeneously dispersed from the surface to the inside in the SEI. Organic sulfide is beneficial to
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facilitate Na ion transport to reduce interfacial resistance and suppress Na dendrite formation in our
previous studies [46, 47]. Fourth, Na3PO4 could also contribute to the stable SEI by the synergy with the
above F, S-containing compound. To confirm this, we replaced the TMP with PC to prepare 1 M NaPF6
PC/FEC (7:3 in vol%) with 5% DTD. The Na||Al half-cell delivers a CE of about 80% and only persists
for 25 cycles (Figure 6.16a). The inorganic Na3PO4 may improve the stiffness and the integrity of SEI
together with the above F, S- containing compound during cycling. Similarly, Li3PO4 has been reported
as an effective artificial SEI for Li metal anode [48]. In addition, we compared the chemical stability of
these two electrolytes. It is interesting to find that TMP/FEC/DTD can be stored for several months
without any change, the electrolyte still can keep transparent and clear (Figure 6.16b). While
PC/FEC/DTD-E changed into dark brown after 1 week (Figure 6.16c), implying the instability of this
electrolyte. As a result, the synergy effect of all these components generates a high-quality SEI layer,
which is robust and dense to protect the Na anode during long-term cycling.

Figure 6.16 a) Electrochemical performance of Na||Al cell in 1M PC/FEC (7:3 in vol%) with 5% DTD. b)
TMP/FEC/DTD-E stored for 1 month, c) PC/FEC/DTD-E stored for 1 week.

Electrochemical Performance of the Na||PB Full Cells. The excellent stability of the Na metal
electrode in TEP/FEC/DTD-E makes it a promising anode candidate for the full cells. In this work,
Prussian Blue (PB) serves as the cathode to form the full cells. Figure 6.17a displays the cycling
performance of the full cells in the TMP-based electrolytes at a high rate of 5 C (1 C = 170 mA g-1).
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In TMP-E, the capacity of the full cell decays very quickly, delivering a reversible capacity of below
10 mAh g-1 after 200 cycles. In TMP/FEC-E, an improved cycling performance is achieved.
Remarkably, the full cell in TEP/FEC/DTD-E delivers a superior cycling performance with an average
capacity of 80 mAh g-1 for more than 1850 cycles with high-capacity retention of ~ 88%. Furthermore,
the CE of the full cell stays stable and remains ~99.7% over 1850 cycles, while the CE for the
controlled cells fluctuates upon cycling. The voltage polarization of the full cell is lower in
TEP/FEC/DTD-E (Figure 6.17b). The polarization change is almost negligible from 100th to 1000th
cycles, indicating the formation of a stable electrolyte/electrode interface in TEP/FEC/DTD-E.

Figure 6.17 Electrochemical performance of Na||PB full cells in different electrolytes: a) Long-term cycling
performance at the current rate of 5 C and b) the corresponding voltage profiles of the full cells at different cycles,
and c) Rate performance of the Na||PB full cells using different electrolytes and d) the corresponding voltage profiles
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at different rates. e) electrochemical performance of Na||PB full cells with a high cathode loading (~ 5 mg cm-2) and
a N/P ratio of 7:1.

Moreover, the rate performances of the full cell in TEP/FEC/DTD-E outperform the controlled cells.
It can deliver a capacity of 78.8 mAh g-1 in TEP/FEC/DTD-E, higher than 68.3 mAh g-1 in TMP/FECE and 3 mAh g-1 in TMP-E at a high rate of 10 C, respectively (Figure 6.17c). The regular shape of
voltage profiles under different rates also validates the excellent rate capability, as shown in Figure
6.17d. It also should be noted that in the discharge curve at 0.5 C in Figure 6.17d, there is a plateau
occurring at 0-10 mAh g-1, which is related to the phase transformation of PB cathode (stepwise
process) during Na+ insertion. Moreover, a voltage drop can be observed during 60-90 mAh g-1, which
may be related with the SEI layer formed process on the Na electrode and this voltage drop will
disappear after several cycles. Besides, a full cell with relatively high loading of cathodes (~ 5 mg cm2

) and limited Na anodes according to the negative/positive capacity ratio (N/P ratio) of 7:1 were

prepared and performed at 2 C. As shown in Figure 6.17e, the capacity of full cell in TMP-E decays
rapidly after 10 cycles due to the fast Na consuming. After adding FEC, the lifespan of cell is extended
but starts to deteriorate quickly after around 100th cycle, and the capacity is below 20 mAh g-1 after
240 cycles which is due to the feeble protection of formed SEI. In contrast, the full cell in
TMP/FEC/DTD-E sustains for more than 240 cycles with capacity retention of 95%, showing the best
cycling performance. These results demonstrate the huge application potential of the designed nonflammable electrolyte for SMBs.
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6.4 Conclusion
In summary, we have demonstrated a non-flammable phosphate-based electrolyte that can in-situ
generate a stable SEI layer with the assistance of DTD additive for stabilizing the Na anodes. The DTD
additive enables the SEI layer with the features of integrity, robustness, and low interfacial resistance.
And the multi-component synergism of, S-containing compounds (Na2S, Na2SO3 and organic Scontaining salts), NaF and phosphate (Na3PO4) of the SEI layer contributes to an excellent
electrochemical performance in terms of high reversibility and stability. The Na||Al cell shows stable
cycling (250 cycles) with an average CE as high as 93.4%. The Na||Na symmetric cells are repeatedly
plated/stripped for more than 1350 h at 1mAh cm-2. The full cell using PB as the cathode delivers longterm cycling (1850 cycles) with a capacity retention of 88%. We believe that this new design of nonflammable electrolyte opens up a new avenue for the application of SMBs with high safety and highperformance.
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Chapter 7 Conclusions and outlook
7.1 Conclusions
Na metal electrode has been considered as the promising anode candidate of SMBs for next generation
large-scale energy systems because of its high theoretical capacity, low electrochemical redox potential.
However, the room temperature liquid electrolyte-based Na batteries are still too far from practical
application, resulting from some notorious problems such as Na dendrites, side reactions, etc. In this
doctoral thesis, the history of Li/Na based batteries, and the problems that Na metal electrode have to
face and the recent progress of strategies that deal with Na metal anode have been comprehensively
summarized, including in interfacial engineering on Na metal, improving electrolyte recipes, advanced
Na host design and some other methods. Compared with ether-based electrolyte, Na metal electrode
suffer more serious challenges in ester-based electrolytes, leading to poor reversibility and low CE,
which greatly hindered the application of Na metal-based batteries. To effectively improve the
performance of Na electrode, we proposed several solutions to enhance the lifespan and safety of Na
anode and suppress the Na dendrites, such as building an artificial protective layer (ASEI), introducing
electrolyte additive, and exploring non-flammable electrolyte.
In the first case, a PhS2Na2-rich protection layer was constructed by in-situ via two steps. Such
protective layer can offer a stable interface for uniform sodium deposition, which enables a long-term
stripping/plating cycling over 800 h at 1 mA cm-2, 1mAh cm-2. Ph2S2Na in the layer was deem to be
an important component. According the DFT calculation, the low binding energy between Ph2S2Na
and Na ion facilitates the ion transport. Moreover, an additive with similar chemical structure DPDS
has also be confirmed effectively. As a result, the full cell with protected Na anode and PB cathode
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can remain a stable discharge capacity of 89.5 mAh g-1 for 1000 cycles with capacity retention of 93%
at a high rate of 5 C.
In the second case, a commercially available organosulfur additive was introduced into the
carbonate-based electrolyte to suppress the Na dendrite. The additive will decompose into organic
sulfide salt and become a critical component of SEI. Such SEI suppresses the Na dendrite growth
during cycling and facilitates the Na ion transport to reduce the interfacial resistance according to the
DFT calculations. As a result, the symmetric cells with TMTD additive can sustain as long as 1600h
at 0.25 mAh cm-2. And the CE by Aurbach’s protocol can reach as high as 94.25%. The full cells can
maintain 80% capacity retention after 600 cycles at 4 C.
In the third case, a phosphonate-based electrolyte which is intrinsic fire-retardant was developed,
aiming at not only improving the Na reversibility but also enhancing the safety. With a synergy of FEC
and DTD in the electrolyte, a stable SEI layer can be in-situ generated on the Na metal surface. It is
also found that DTD additive can increase the integrity and robustness of SEI and lower the interfacial
resistance remarkably. Thanks to the multi-component synergism in the SEI, the Na electrode with
high reversibility and stability can be obtained. The Na||Al asymmetric cell delivers a high average CE
of 93.4% over 250 cycles, which is among the best in reported results in ester-based electrolyte. And
the Na||Na symmetric cell can be repeated cycling for more than 1350 h at 1 mAh cm -2. The full cell
of Na||PB shows excellent performance, with a capacity retention of 88% for 1850 cycles. Moreover,
a full cell with high loading (~5 mg cm-2) and low N/P ratio (7:1) was also assembled and shows the
best performance than using other electrolytes.
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7.2 Outlook
1) The mechanism of Na dendrites formation should be paid more attention. Up to now, there is no
specific model that is applied to Na dendrite nucleation and growth. The profound mystery behind
the Na dendrite is still not revealed. Most of the investigations are involved with exploring new
methods or solutions to a better performance, few of them focused on the fundamental questions.
Combining the theoretical calculations (DFT, MD, COMSOL, etc) with experimental
characterization is an effective way to understand the basic problem. This should be highlighted in
the future.
2) The function of SEI needs more investigation. SEI is a layer with complex component. Obviously,
the SEI formed on Na metal surface is quite different from its analogue on Li metal surface. Even
in the Na metal battery, the SEI formed in ether-based electrolytes is also quite distinct from that
formed in ester-based electrolytes. The former seems to have inorganic-organic double layer
structure, while the latter has a heterogeneous structure. As the SEI formation is a dynamic process,
the components and structure are changing all the time. The relationships between the SEI
interfacial chemistry with the performance of Na anode need further understanding.
3) Advanced characterization techniques should be developed. At present, most of the
characterizations that are applied to investigate the Na metal anode are ex-situ, such as SEM, XPS,
etc. However, the Na dendrite formation and growth, the SEI evolution and Na deposition are all
dynamic which needs dynamic tracking and real-time monitoring. Therefore, we should develop
advance in situ/operando observation and analysis techniques, such as in-situ AFM, in-situ XRD,
in-situ NMR, etc. And also, because of the highly sensitive of Na or the SEI, the characterization
should not destroy the component and structure, in-situ TEM is also a suitable choice.
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4) Exploring more strategies to stable Na metal anode. Building an artificial protective layer has been
confirmed to be valid. An ideal SEI should be satisfied with following requirements: electronic
insulating and high ionic conductivity, proper thickness with compact structure, good stability at
various operating conditions and high mechanical compliance to suppress cracking due to volume
changes. The design of ASI should aim at meeting the above demands at the same time. As for the
electrolytes that directly determine the SEI components, besides exploring new functional
additives that can regulate the SEI components, much more attention should be paid to the interplay
between salts and solvents, the ion-solvation structure has a different physicochemical property
compared to the individual ingredient. As the reported HCE or LHCE concept are based on DME
solvent, whether this can be promoted to other solvent (such as carbonates) are still waiting for
investigation. Even though Na metal in ether-based electrolyte is extremely stable, however, how
to broaden the voltage window is still a challenge. Constructing sodiophilic 3D host is a promising
solution to regulate Na deposition. However, the defect is that most of the researches are based on
ether-based electrolytes, their applications in ester-based electrolytes that have commercial value
need more studies. Another concern of 3D host is that the introduced frameworks may lower the
mass energy density or volume energy density of the full cells.
5) The configuration of the full cells should be focused on. The protection of Na metal anode would
be meaningless, if it cannot achieve high-energy-density full cells. Applying SEEs as separator and
electrolytes simultaneously seems a good choice for high energy density when using Na metal
anode. But the existed problems such as poor wettability of interface and low ion conductivity are
still major obstacles to practical application.
In conclusion, the recent years have witnessed a great achievement in Na metal-based batteries. And
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fruitful results have also been achieved. Even though there is still a long way to go, we are confident
that by the efforts from all intelligent scientific researchers, the challenges that surround Na metal
electrode will be finally addressed. As the potential of high energy density batteries such as Na-S, NaO2 and Na-CO2, there will be a boosting development of next generation energy storage in the near
future.
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